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 Parasites are increasingly shown to impact ecosystem processes such as population 
dynamics and food web interactions. This can be accomplished by altering the host’s behaviour 
as a side-effect of infection, a response of the host to being infected, or through direct 
manipulation by the parasite. Some parasites, such as those that infect the sensory organs, are 
more likely to impact the behaviour of their host than others. Diplostomid trematodes often 
infect the eyes (e.g. lens, humours, or retina) of fish as larvae where they can impact various 
behaviours such as escaping predators and finding food. Tylodelphys darbyi is the only identified 
diplostomid in New Zealand. In its juvenile stage, this parasite resides in the humours of 
common bully, or toitoi, Gobiomorphus cotidianus, and is particularly abundant in the fish 
population of Lake Hayes. In this thesis, using a series of laboratory experiments, I address the 
impact T. darbyi has on its host’s 1) ability to react to predators, 2) choice of microhabitat, 3) 
ability to compete with conspecifics, 4) personality traits, as well as 5) determine the parasite’s 
distribution among South Island lakes. I demonstrate that there appears to be no impact of the 
parasite on the host’s ability to avoid predation, however as infection increases fish spend more 
time actively moving about away from shelter. The more T. darbyi are present in the eyes of fish, 
the more likely fish are to stay closer to a food source, share a shelter, and for males to be darker 
in colour. Further, infection with T. darbyi appears to impact personality traits (boldness, 
activity, exploration, and aggression) in fish, and based on a comparison with fish from another 
lake where T. darbyi is absent, the parasite might also drive population-level differences in 
behaviour. Overall, the influence of T. darbyi on fish behaviour is subtle rather than pronounced, 
but detectable across multiple behaviours. Finally, I demonstrated that T. darbyi has a broader 
distribution on the South Island than previously recorded, and I also used molecular markers to 
iii 
 
uncover 2-3 more species of diplostomids in New Zealand, all also found in G. cotidianus. These 
findings indicate that the parasite impacts the behaviour of bullies in the study population, i.e. 
Lake Hayes, that it has the potential to drive population-level differences in its host, and that it is 
only one of several species of diplostomid trematode parasites in the South Island, each of which 
may exert its own impacts on fish behaviour. Gobiomorphus cotidianus is a ubiquitous presence 
in New Zealand freshwaters and as such any factor that impacts their behaviour and ecology can 
have wide ranging implications. Finally, this thesis further brings to light the underappreciated 
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“So, for you younger parasitologists in the audience, what is next? Where will your research take 
you? I don’t know, but neither did the people who began our discipline of parasitology 150 years 
ago—they had no idea where they were going.” 
 
Gerald Esch, PhD 































1.1 Ecological Impacts of Parasites 
Parasitic organisms are increasingly recognized as important factors in ecosystems. For 
example, when the rinderpest virus swept across the African savanna in the 19 th century, the wild 
ruminant populations were reduced to just 20% of their original numbers (Sinclair, 1979).   
Consequently, the carnivore populations declined in turn and the distributions of many plant 
species were altered as a result of reduced herbivore pressure (Sinclair, 1979). This interaction 
had wide ranging ecological consequences resulting directly from mortality induced by the virus. 
However, in addition to direct mortality, parasites can influence ecosystems through inducing 
behavioural changes or physical impairment in their hosts (Hudson et al., 2006; Poulin, 2010; 
Hatcher et al., 2012). In this way, many parasites (e.g. parasitic helminths) can influence aspects 
of population dynamics, food web connectivity, energetics, and even act as ecosystem engineers 
(Holmes and Bethel, 1972; Anderson and May, 1978; Dobson and Hudson, 1986; Scott and 
Dobson, 1989; Hudson et al., 2006; Lafferty, 2008; Lafferty et al., 2008; Hatcher et al., 2012; 
Dunne et al., 2013).   
The cockle Austrovenus stutchburyi, an abundant bivalve on New Zealand mudflats, 
provides a good example. The cockle is parasitized by two trematode flatworms, Curtuteria 
australis and Acanthoparyphium sp., that infect the foot tissue of the host (Allison, 1979; 
Mouritsen, 2002; Babirat et al., 2004). The accumulation of parasites in that site of infection 
impairs the ability of severely infected hosts to bury in the sediment, leaving them exposed on 
the surface (Mouritsen, 2002; Mouritsen and Poulin, 2003a; Mouritsen and Poulin, 2003b). 
Inhibiting the ability of cockles to bury themselves leaves them vulnerable to predation by 
shorebirds and fish, increasing food web connections that otherwise might not occur (Mouritsen 
and Poulin, 2003a; Mouritsen and Poulin, 2003b; Thompson et al., 2005). Movement of healthy 
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cockles through the sediment aids in bioturbation, releasing nutrients and exposing algae to light, 
effectively increasing primary productivity (Mouritsen and Poulin, 2006). Therefore, by 
effectively impeding this process by preventing the cockles from burying, the parasites end up 
indirectly reducing primary productivity (Mouritsen and Poulin, 2006). Further, the presence of 
cockles at the surface has a positive impact on biodiversity by increasing available hard substrate 
in the community required for other invertebrates to settle (Mouritsen and Poulin, 2003c; 
Mouritsen and Poulin, 2005).  Overall, these two trematodes effectively impact the food web, 
productivity, and biodiversity of the mudflat community by altering the phenotype (i.e. ability to 
burrow) of a single host species. 
Parasites can also influence ecosystems by affecting inter- and intraspecific competition 
of their hosts. For instance, a parasite may reduce fitness in one host species in a system 
conferring a competitive advantage to another, less impacted, host (Park, 1948; Hudson and 
Greenman, 1998; Friesen et al., 2020).  Further, organisms often must also compete with their 
own species for resources, such as food or mates, and as such parasites can impact these 
interactions as well (Bedhomme et al., 2005; Koprivnikar et al., 2008; Hatcher and Dunn, 2011). 
Infected individuals may be poor competitors for mates compared to uninfected conspecifics or 
simply be less able to compete for food thus having lower fitness overall (Barber et al., 1995; 
Barber and Ruxton, 1998; Cureton II et al., 2011). In these ways, parasites can be a strong 
selective force simply by being present in an ecosystem. 
1.2 Behavioural Impacts of Parasites 
 The ability of parasites to alter the phenotypes, either morphological (e.g. growth of extra 
limbs, colour changes, enlargement of body parts, etc.) or behavioural, of their hosts is now a 
well-established phenomenon (Johnson et al., 2002; Poinar and Yanoviak, 2008; Poulin, 2010; 
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Wesolowski and Wesolowska, 2014). In particular, the parasite induced impacts on host 
behaviour can manifest in several ways (Poulin, 2010). Behavioural alterations may arise as a 
side-effect of infection, such as a reduction in body condition or stamina preventing the host 
from engaging in activities such as mating (e.g. Gambusia affinis and blackspot disease) 
(Cureton II et al., 2011). It is also possible that the costs of parasitism for the host can select for 
changes in behaviour that reduce the likelihood of becoming infected , such as avoiding sources 
of infection (Buck et al., 2018; Weinstein et al., 2018; Poulin et al., 2020). For instance, tadpoles 
increase their activity level to decrease the chance that they might encounter the infective stage 
of the trematode Ribeiroia ondatrae (Koprivnikar and Penalva, 2015). This has huge fitness 
benefits for tadpoles, as infection by this parasite causes pronounced malformations in 
developing frogs (Johnson et al., 2002). Responses such as these make it advantageous for 
parasites to directly manipulate host behaviour in order to facilitate the completion of their life 
cycle increasing their own fitness (Poulin, 2010). For example, nematomorph worms cause their 
arthropod host to seek out and enter a waterbody so that they can emerge and reproduce, often to 
the detriment of the host (Bolek et al., 2013). However, the most heavily studied manipulators 
are those that are trophically transmitted, acting to increase the likelihood of their current host 
(i.e. intermediate host) being eaten, usually through a predation event, by the final host (i.e. 
definitive host) in their life cycle, a necessary step for the parasite to complete its development 
(Lafferty, 1999; Moore, 2002; Moore, 2013). Such behavioural changes can manifest as altered 
activity levels, attraction to chemicals (e.g. predator odour), microhabitat use, or impairment of 
escape responses (Moore, 1983; Rau, 1983; Moore, 1984; Moore and Lasswell, 1986; Rau, 1986; 
Berdoy et al., 2000; Flink et al., 2017).   
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Parasite increased trophic transmission (PITT) is a manipulation strategy employed by a 
diverse range of species with multi-host, or complex, life cycles (Lafferty, 1999; Moore, 2002; 
Poulin, 2010; Moore, 2013). Some of these parasites cause drastic modifications to the host’s 
morphology while others may induce behavioural changes to increase predation risk (Holmes 
and Bethel, 1972; Bethel and Holmes, 1973; Moore, 1983; Moore, 1984; Moore and Lasswell, 
1986; Johnson et al., 2002; Poinar and Yanoviak, 2008; Yanoviak et al., 2008; Wesolowska and 
Wesolowski, 2014). The classic example of PITT is the gammarid amphipod-acanthocephalan 
(i.e. spiny-headed worms) system (Bethel and Holmes, 1973; Bethel and Holmes, 1977; Bakker 
et al., 2017). Infected individuals show increased positive phototaxis and negative geotaxis, 
causing them to move to the surface of the water, as well as being more likely to cling to floating 
material (Bethel and Holmes, 1973; Bethel and Holmes, 1977; Jacquin et al., 2014). This 
alteration of microhabitat use causes the infected amphipods to be predated at higher rates by the 
parasite’s definitive bird host (e.g. a dabbling duck) (Bethel and Holmes, 1973; Bethel and 
Holmes, 1977; Jacquin et al., 2014). Interactions such as this demonstrate that PITT is likely a 
multidimensional strategy, often altering several of the host’s behaviour traits to the parasite’s 
benefit (Cézilly and Perrot-Minnot, 2005; Thomas et al., 2010). 
A host’s behaviour can vary within and among individuals in a population while 
remaining consistent over time forming personality traits (Sih et al., 2004a; Sih et al., 2004b; 
Dingemanse and Réale, 2005; Réale et al., 2007). Traits such as boldness, aggression, and 
activity are commonly investigated in animal behaviour studies for a wide range of species 
(Dingemanse et al., 2002; Johnson and Sih 2005; Johnson and Sih 2007; Sinn et al., 2008; Carter 
et al., 2013; Mazue et al., 2015; Garcia et al., 2020; Keiling et al., 2020; Thomson et al., 2020; 
Webber and Willis 2020). Parasites may act on these traits or the correlations between them (e.g. 
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boldness-aggression) within an individual and/or population, termed behavioural syndromes, to 
manipulate the host (Wilson et al., 1993; Barber and Dingemanse, 2010; Kortet et al., 2010; 
Poulin, 2013; Klemme et al., 2016). Many studies have focused on how infection influences a 
single trait (Barber et al., 2017) whereas others have demonstrated that parasites act on multiple 
traits to impact, for example, anti-predator behaviour (Gopko et al., 2017).  
Mechanisms of Manipulation 
The mechanisms by which parasites manipulate the behaviour of their hosts are varied. 
At one extreme, some parasites induce changes in the neuro-endocrine systems of their hosts, 
with resulting alterations in behaviour. For instance, injecting gammarid amphipods with 
serotonin changes phototaxis, geotaxis, and induces clinging behaviour similar to infection by 
acanthocephalans (Helluy and Holmes, 1989; Tain et al., 2006; Helluy, 2013). This suggests that 
disruption of the serotonin neuromodulator pathway is a possible mechanism for manipulation by 
the parasite (Bakker et al., 2017). At the other extreme, some parasites interfere with the normal 
functioning of the host by their mere presence in specific organs. The trematodes infecting 
cockles mentioned earlier impair their burying activity, exposing the host to predation by 
oystercatchers (i.e. the parasites’ definitive host), simply by encysting in the foot muscle. 
Similarly, Trichinella spiralis nematodes encyst in the muscles of rodents, thus reducing their 
activity and making them easier prey for the parasite’s definitive host (Rau, 1983; Rau, 1986). 
Finally, other parasites occupy the brain or sensory organs of their host, putting them in a prime 
location to alter its behaviour. For example, the lancet fluke Dicrocoelium dendriticum causes 
ants to climb out to exposed areas on vegetation and cling on with their mouthparts to await 
ingestion by an ungulate definitive host (Carney, 1969; van Paridon et al., 2017; Martín-Vega et 
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al., 2018). It is possible this behaviour is induced by direct contact of the parasite with the ant’s 
brain (Martín-Vega et al., 2018).  
1.3 Helminth Parasites of Fish 
 Bony fishes are the most taxonomically diverse and speciose, with more than 30,000 
described species, group of vertebrates, and as such act as host to a wide variety of parasites 
(Nelson, 2006; Barber and Poulin, 2002). At times the physiological demands of infection cause 
fish to compensate by altering time budgets, food intake and/or microhabitat choice (Brassard et 
al., 1982; Barber and Wright, 2006). For instance, three spined-sticklebacks Gasterosteus 
aculeatus harbouring the cestode Schistocephalus solidus spend more time near the water 
surface, where dissolved oxygen concentrations are higher at the interface with the air (Lester, 
1971; Poulin, 2018). Locating themselves there compensates for increased oxygen demands 
imposed by infection, but at the cost of utilizing a microhabitat that potentially puts the fish at 
greater risk of predation by birds (Lester, 1971; Poulin, 2018). Likewise, infected G. aculeatus 
are more likely to leave the safety of a shoal to forage for food than uninfected fish, making them 
easier targets for predators due to increased nutrition demands (Barber et al., 1995). Although 
these changes may improve the cestode’s chances of reaching its next host, other fish parasites 
alter the behaviour of their host in a more targeted way in order to increase trophic transmission. 
For example, Euhaplorchis spp. trematodes in North America use killifish Fundulus spp. as 
intermediate hosts where they reside in the brain (Martin, 1950; Lafferty and Morris, 1996). 
Infected killifish display conspicuous swimming patterns (e.g. surfacing, contorting, flashing, 
etc.), abnormal behaviours that have been shown to increase predation by bird definitive hosts 
(Lafferty and Morris, 1996; Fredensborg and Longoria, 2012). Parasites residing in nerve tissue 
or sensory organs of fish (e.g. brain, eyes, etc.) are most likely to influence host behaviour in 
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some way, by interfering with their functioning (Barber and Crompton, 1997a; Barber and 
Crompton, 1997b; Barber and Wright, 2006). 
Diplostomid Trematodes 
 Trematodes in the family Diplostomidae (Phylum Platyhelminthes) have a cosmopolitan 
distribution where they are common parasites in freshwater ecosystems (Blasco-Costa et al., 
2014; Chibwana et al., 2015; Garcia-Varela et al., 2016; Blasco-Costa and Locke 2017; Locke et 
al., 2018; Hoogendoorn et al., 2019). They often have complex life cycles typically involving a 
snail first intermediate, a fish second intermediate, and a bird definitive host  (Blasco-Costa and 
Locke, 2017; Locke et al., 2018). At the species level, the geographic distribution of parasites is 
limited by that of the most motile host in the life cycle (Blouin et al., 1995; Nadler, 1995; Louhi 
et al., 2010). As a result, some diplostomids can have broad geographic ranges due to using birds 
as their definitive hosts (Louhi et al., 2010). Further, diplostomids are a diverse group of 
trematodes with a high amount of cryptic diversity in some geographic regions, potentially 
making their role in ecosystems even more important (Georgieva et al., 2013; Blasco-Costa et 
al., 2014; Locke et al., 2015; Selbach et al., 2015). 
 Diplostomids are often studied for their potential to affect the behaviour of their second 
intermediate fish hosts. In the fish, many diplostomids infect the eyes, residing in the lens, 
humours (i.e. liquid of the eye), and/or retina depending on the species. Species of the genus 
Diplostomum tend to reside in the lens where they can generate cataracts due to the release of 
waste products (Shariff et al., 1980; Karvonen et al., 2004a). It has been demonstrated that 
rainbow trout Oncorhynchus mykiss infected with Diplostomum spp. have impaired shoaling and 
predator avoidance behaviours compared to uninfected fish (Seppälä et al., 2004; Seppälä et al., 
2005a; Seppälä et al., 2008). In addition, infected trout tend to occupy microhabitats that put 
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them at greater risk for predation, spending more time over light substrate rather than dark where 
they (Seppälä et al., 2005b). Further, O. mykiss will avoid areas with high numbers D. 
spathaceum cercariae demonstrating that these parasites can influence host behaviour without 
infecting the fish (Karvonen et al., 2004b). Closely related diplostomids in the genus Tylodelphys 
have received little attention compared to Diplostomum spp. which serves as a model host-
parasite interaction (Kennedy 1987; Poulin and Maure 2015; Blasco-Costa et al., 2017). When 
present in the eyes, Tylodelphys spp. often reside in the liquid parts of the eye (i.e. the humours) 
where they move about freely (Stumbo and Poulin, 2016; Blasco-Costa et al., 2017). Recently 
several studies have shown that T. clavata in the eyes of perch Perca fluviatilis impact the 
foraging abilities of infected fish when placed in competition with uninfected individuals 
(Muñoz et al., 2017; Muñoz et al., 2019). 
1.4 Vision in Bony Fish 
The underwater environment creates challenges for vision that the eyes of bony fish must 
compensate for (Guthrie, 1986; Loew and McFarland, 1990; Sandström, 1999). For example, 
Figure 1.1 Generalized eye anatomy of a hypothetical bony fish. 
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upon entering water, light is scattered on the medium itself as well as suspended matter, which 
greatly reduces its penetration with depth (Sandström, 1999). In general, light between 400-
500nm (i.e. blue) penetrates the farthest, however, since aquatic ecosystems range from clear 
ocean waters to silty rivers, there is considerable variation (Guthrie, 1986; Sandström, 1999). In 
order to account for such conditions, bony fish eyes are well-developed and often specialised for 
their environment (Figure 1.1; Fernald, 1990; Sandström, 1999). For instance, the lens is 
spherical, allowing it to refract the scattered light in the water into a distinct image (Fernald, 
1990; Sandström, 1999). As such, the shape of the lens cannot be changed to focus the light, as it 
is in humans, so lens muscles are used to move it closer or farther from the retina. In addition, 
bony fish display a wide range of opsins (light-sensitive proteins) that allow them to perceive the 
dominant wavelengths in their habitat, such as ultraviolet in some reef residents (Guthrie, 1986; 
Sandström, 1999; Siebeck, 2004; Siebeck, 2014; Marshall et al., 2018).   
 Vision is an important source of sensory information for bony fish (Guthrie, 1986; 
Rowland, 1999). Many species use elaborate courtship displays of colour and/or movement to 
attract mates (Bakker and Mundwiler, 1994; Smith and Wootton, 1999; Barber et al., 2001; 
Amundsen and Forsgren 2001; Japoshvili et al., 2012). Likewise, visual identification of prey 
and/or potential threats is as important for fish as it is for terrestrial animals (Howick and 
O’Brien 1983; Hecht and van der Lingen 1992). Therefore, factors that interfere with overall 
visibility should also in some way impact these behaviours. For example, fish predators that rely 
on vision to acquire prey showed reduced capture rates at increasing levels of turbidity in the 
water (Hecht and van der Lingen, 1992). So, it is possible that diplostomid trematodes in the 
eyes could alter the behaviour of their fish host. Cataracts generated by Diplostomum spp. in the 
lens could interfere with the passage of light through to the retina, thereby disrupting the image 
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being formed (Figure 1.2; Karvonen et al., 2004a). Indeed, the reduced predator avoidance in 
infected trout mentioned previously was linked to the intensity of cataract formation in the lens 
(Seppälä et al., 2004). Parasites that move about freely in the humours could also disrupt vision 
by physically blocking the light passing through the eye (Figure 1.2). Stumbo and Poulin (2016) 
seems to be the only attempt to quantify the amount of optical obstruction caused by a 
diplostomid in the humours of the host’s eyes.  
 
Figure 1.2 A) Light refraction through spherical lens in healthy fish eye. B) Hypothetical 
light refraction in fish eye with cataracts in the lens. C) Hypothetical light disruption by 
metacercariae moving freely within humours of fish eye. 
12 
 
1.5 Study Species 
Gobiomorphus cotidianus  
The common bully, or toitoi, Gobiomorphus cotidianus is a small (~30 mm-120 mm), 
endemic New Zealand freshwater fish belonging to the family Eleotridae (McDowall, 1990). A 
short-lived species, with a lifespan usually less than 3 years, they mature within the first year of 
life or at ~30 mm. Bullies are benthic, lacking a swim bladder, and do not shoal, instead using 
submerged structures (e.g. woody debris, rocks, etc.) as shelter around which they form loose 
aggregations (McDowell, 1990; pers. observation). Male G. cotidianus develop dark coloration, 
changing from a mottled or sandy brown to black, during the breeding season, although colour 
change has been observed in response to conspecifics year-round (McDowall, 1990; Ruehle and 
Poulin, 2019). As with other eleotrid species, G. cotidianus is amphidromous, such that after 
spawning larvae are swept downstream to marine habitats where they feed, and then return to 
freshwater for the duration of their lives (Myers, 1949; Augspurger et al., 2017). However, 
common bullies are best described as a generalist species, occurring from mountain lakes and 
streams to coastal lagoons, resulting in variation in life history, basic morphology, and even 
distribution within the waterbody (Rowe et al., 2001; Closs et al., 2003; Vanderpham et al., 
2013).  Many populations have become landlocked, with no migration to sea (i.e. non-
amphidromous), instead either remaining permanently within the home waterbody or being 
swept downstream to the next lake or lagoon (but not the sea) before migrating back upstream 
when older (Closs et al., 2003; Hicks, 2012). Likewise, there is much morphological variation 
among populations, including variation in head lateral line morphology, with fish that occur 
strictly in rivers having more extensive lateral line systems compared to lake populations 
(Vanderpham et al., 2013). Finally, when present in deep, glacial lakes, G. cotidianus can be 
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found at depths ranging from the littoral zone to over 300 m with little light penetration (Rowe et 
al., 2001).  
As the most wide-spread native freshwater fish, common bullies are an important 
component of aquatic food webs and ecosystems in New Zealand. Common bullies are 
opportunistic feeders and will prey upon invertebrates, such as insect larvae and crustaceans, as 
well as fish smaller than themselves, including other bullies (McDowell 1990; Rowe 1999). 
Likewise, they themselves serve as a food source for larger predators such as native eels, or tuna, 
and birds (e.g. grebes, cormorants, etc.) as well as invasive salmonids and perch (McDowell 
1990). In addition, common bullies act as hosts to a number of different parasites including 
protozoans and helminths (e.g. trematodes, cestodes, nematodes, etc.) (McDowell 1990; Hine et 
al., 2000). Three trematodes, Stegodexamene anguillae, Telogaster opisthorchis, and Apatemon 
sp., are commonly found encysted as larvae (i.e. metacercariae) in the muscles, body cavity, and 
organ tissues. These parasites all possess complex, three-host life cycles utilizing a snail 1st 
intermediate host, fish 2nd intermediate host (e.g. G. cotidianus), and a subsequent vertebrate 
definitive host with S. anguillae and T. opisthorchis using eels (Anguilla spp.) and Apatemon 
using birds (e.g. ducks and cormorants). Stegodexamene anguillae can produce eggs 
progenetically within common bullies, and when present in the host’s gonads may release them 
when the fish breeds (Lefebvre and Poulin 2005; Poulin and Lefebvre 2006). Both T. 
opisthorchis and Apatemon have been shown to impact the activity level and aggression response 
of individual common bullies (Hammond-Tooke et al., 2012). In other fish, T. opisthorchis 
infection intensity has been shown to be related to decreased anti-predator response (e.g. adult 
Gobiomorphus breviceps) and spinal deformations (e.g. juvenile Galaxias maculatus) (Poulin 






 Tylodelphys darbyi is a recently described diplostomid trematode parasite from the South 
Island of New Zealand (Presswell and Blasco-Costa, 2020). As with other diplostomids, T. 
darbyi exhibits a complex lifecycle requiring an invertebrate and two vertebrate hosts to reach 
maturity and reproduce (Figure 1.3). The 1st intermediate host is unknown at this time but is 
likely a snail as is the case in other Tylodelphys species. Cercariae, a free-swimming larval stage 
common in trematodes, are produced within the snail 1st intermediate host and then released into 
the water column in search of the 2nd intermediate host, in this case common bully. The cercaria 




penetrates the skin of the fish and likely then migrates via blood vessels to the eyes (Blasco-
Costa and Locke, 2017). Within the eye it resides as an unencysted metacercaria in the vitreous 
and aqueous humours until the bully is eaten by the bird definitive host, the Australasian great 
crested grebe, or kāmana, Podiceps cristatus australis (Blasco-Costa et al., 2017; Presswell and 
Blasco-Costa, 2020). In the digestive tract of the grebe T. darbyi will mature and release eggs 
that are passed into the environment with the bird’s faeces. At present, T. darbyi is only known 
from the Southern Alps of the Otago region from bullies in Lake Hayes and a single grebe from 
Lake Wanaka (Presswell and Blasco-Costa, 2020). However, since grebes are known to move 
between local lakes it is unlikely the parasite has such a limited range. Finally, considering the 
unknown identity of the snail and the conservation status of the grebe (i.e. nationally threatened), 
research on this parasite is limited to its impacts on G. cotidianus. 
 
 In bully eyes, T. darbyi can be quite large (>1 mm in length), occur in high intensities 
(>20/eye), and be highly mobile (Stumbo and Poulin, 2016; Blasco-Costa et al., 2017; pers. 
observation; Figure 1.4). Stumbo and Poulin (2016) demonstrated that T. darbyi metacercariae 
spend more time in the upper portions of the eye during the day, potentially obscuring vision, 
and recede to the bottom at night. It was suggested that visual obstruction during the day could 
Figure 1.4 A) Tylodelphys darbyi metacercariae (arrow) in eye of live bully. B) T. darbyi metacercaria (arrow) 




increase transmission rate to the grebe as the latter is a diurnal predator, however predation 
susceptibility was not tested in this case. Regardless of the size and relatively high numbers of T. 
darbyi in the eye, there does not appear to be any pathology associated with infection at this 
time, based on histological examination of the eyes of infected and uninfected bullies (Stumbo 
and Poulin, 2016).  
1.6 Thesis Aims 
 The goal of this thesis is to investigate and quantify the impacts, if any, Tylodelphys 
darbyi has on the behaviour and ecology of Gobiomorphus cotidianus. I will examine the 
relationship between susceptibility to predation, microhabitat choice, competitive ability, and 
personality of G. cotidianus and intensity of T. darbyi infection in their eyes. This study will 
expand the currently limited knowledge about this host-parasite interaction, as well as address 
broader issues regarding parasitism of fish in general. Specific questions to be addressed are: 
1. Does infection by T. darbyi cause G. cotidianus to be less responsive and more 
susceptible to simulated predation threats? Earlier studies have suggested that T. darbyi 
is a potential manipulator, so this question is intended to experimentally test the ability of 
the parasite to negatively impact anti-predator behaviour in the host.  
2. Does infection by T. darbyi influence choice of microhabitat in G. cotidianus? Other 
manipulative parasites cause their host to occupy areas where they are more conspicuous. 
Considering bullies do not actively swim about the water column, the parasite might 
cause the host to move away from shelter and into the open making them easier prey. 
Such an interaction would provide some evidence for active manipulation by 
demonstrating a behaviour that has a clear potential benefit for T. darbyi. 
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3. Are G. cotidianus individuals less able to compete for resources when harbouring higher 
T. darbyi intensities? Fish, like other vertebrates, can use visual cues to obtain 
information about conspecifics, particularly when competing for resources. This study 
will test the ability of a visually obstructing parasite to influence 1) the ability of 
individuals to identify and hold the territory nearest a food patch, 2) the likelihood of 
bullies sharing with conspecifics, and 3) whether or not coloration communicates 
infection levels. 
4. How does infection by T. darbyi affect the personality of G. cotidianus? Behavioural 
changes may result from impacts of infection on multiple traits and/or the correlations 
between them (i.e. behavioural syndromes). These alterations could be an adaptive trait 
of the parasite. 
5. What is the geographic distribution of T. darbyi and is there unknown diversity of 
diplostomids in New Zealand? Given the definitive host has the potential to move over 
great distances it is likely T. darbyi is found throughout the Southern Alps. This study 
will attempt to locate new populations of the parasite as well as determining if any other 
diplostomid species are present in New Zealand. 
 
1.7 Thesis Structure   
 Chapters Two, Three, Four, Five, and Six have been written in manuscript style for 
publication in scientific journals. I am the first author for all of these, as I carried out the 
research, analyses, and writing with minimal technical support and/or constructive criticism on 
study design and early drafts. The aims of the thesis are reflected in the structure below: 
Chapter One – General Introduction 
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Chapter Two – No impact of a presumed manipulative parasite on the responses and 
susceptibility of fish to simulated predation. Published as Ruehle B and Poulin R (2019), 
Ethology 125:745-754. 
Chapter Three – Risky Business: Influence of eye-flukes on use of risky microhabitats and 
conspicuousness of a fish host. Published as Ruehle B and Poulin R (2020), Parasitology 
Research 119:423-430. 
Chapter Four – Hunger Games: Resource competition in fish under the context-dependent 
influence of parasitism. To be submitted to The Ecology of Freshwater Fishes. 
Chapter Five – Parasitic Personality: Multidimensional behavioural impacts of differential 
infection in two fish populations. Under Review with Behaviour. 
Chapter Six – Distribution and Diversity of Diplostomids in New Zealand. To be submitted to 
The Journal of Parasitology. 








No impact of a presumed manipulative parasite on the 





The manipulation of a host organism by its parasites is a widespread phenomenon that 
varies in its expression across taxa and interactions, from helminths that cause corals to swell and 
turn pink to fungi that move their hosts to vantage points ideal for spore dispersal (Holmes and 
Bethel, 1972; Aeby, 2002; Moore, 2002; Andersen et al., 2009; Poulin, 2010; Moore, 2013). 
However, classifying a behavioural change as a parasite “manipulation” has not been the easiest 
of tasks. Poulin (2010) defines manipulation as any interaction that alters the host phenotype 
(behavioural, physical, or otherwise) in ways that increases the fitness of the parasite. Within this 
definition, four general types of manipulation were identified, and of these the most dramatic 
occurs when a parasite requires its current host to be ingested by another to complete its life 
cycle (Poulin, 2010). Termed parasite-increased trophic transmission, this form of manipulation 
has been a hot topic in recent years (Lafferty, 1999; Moore, 2002; Poulin, 2010; Moore, 2013).  
In trematodes, manipulation often occurs in one of the intermediate hosts (Carney, 1969; 
Aeby, 2002; Poulin, 2010; Wesolowska and Wesolowski, 2014). A generalised three-host life 
cycle starts with a miracidium entering a snail 1st intermediate host, developing into a colony of 
sporocysts and rediae, and asexually producing cercariae (Galaktionov and Dobrovolskij, 2003).  
Cercariae are then released into the environment to seek out the 2nd intermediate host in or on 
which they encyst as metacercariae to await ingestion by the definitive host where the parasite 
matures and reproduces (Galaktionov and Dobrovolskij, 2003). In many cases, it is this step from 
2nd intermediate host to definitive host that is considered an unlikely event without the parasite 
changing the odds in its favour (Moore, 2002; Poulin, 2010). A variety of trematode parasites 
utilise fish as 2nd intermediate host, and as such they are prime targets for manipulation (Barber 
et al., 2000; Barber and Wright, 2006; Barber, 2007).  A classic example of manipulation in 
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fishes is seen in North American killifish Fundulus spp. infected with Euhaplorchis trematodes 
(Lafferty and Morris, 1996; Fredensborg and Longoria, 2012). Metacercariae of Euhaplorchis 
encyst in the brains of killifish which serve as the 2nd intermediate host for the parasite (Martin, 
1950; Lafferty and Morris, 1996). Infected individuals showed conspicuous behaviours (e.g. 
contorting, surfacing, flashing, etc.) that increased in frequency with higher intensities of 
infection, and as a result were captured at much higher rates by birds, the definitive host, than 
uninfected fish (Lafferty and Morris, 1996; Fredensborg and Longoria, 2012). Encysting in the 
brain is not uncommon for trematodes, and the damage caused can affect how the host moves, as 
in the killifish, or alter the efficacy of sensory organs (Barber and Crompton, 1997a; Barber and 
Crompton, 1997b; Shaw et al., 2009). However, some trematode taxa forego this indirect 
approach and invade the sensory organs themselves. 
Trematodes in the family Diplostomidae infect a variety of fish species as metacercariae 
and can be found, among other areas, in the eyes (Seppälä et al., 2004; Karvonen et al., 2005; 
Seppälä et al., 2005; Seppälä et al., 2008; Stumbo and Poulin, 2016). Some diplostomids, such as 
Diplostomum spp., are found in the lens of the fish eye, wherein metacercariae release waste 
products that result in cataracts (Shariff et al., 1980; Karvonen et al., 2004). These cataracts have 
been shown to negatively impact predator avoidance behaviours of rainbow trout Oncorhynchus 
mykiss, making infected fish easier prey (Seppälä et al., 2004; Seppälä et al., 2005; Seppälä et al., 
2008). Closely related taxa in the genus Tylodelphys also inhabit the eyes of fishes but are more 
often found in the humours (i.e. the fluid) when present in the eye, and since this is more 
spacious compared to the lens the parasites are able to move about freely (Burrough 1978; 
Kennedy 1987; Flores and Semenas 2002; Drago and Lunaschi 2008; Chibwana et al., 2015; 
Garcia-Valera et al., 2016; Blasco-Costa et al., 2017).  Unlike Diplostomum spp., however, 
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Tylodelphys is relatively understudied for its ability to impact fish behaviour (Munoz et al., 2017 
is a notable exception), in particular the effect these parasites might have on their hosts’ ability to 
avoid predators. 
 Recently, a new species of Tylodelphys was described in New Zealand from lakes on the 
South Island (Blasco-Costa et al., 2017). As with many diplostomid trematodes, Tylodelphys 
darbyi has a three-host life cycle, first utilizing an unknown snail, likely a lymnaeid, then the 
common bully Gobiomorphus cotidianus, and finally the Australasian great crested grebe 
Podiceps cristatus australis as the definitive host (Stumbo and Poulin, 2016; Blasco-Costa et al., 
2017; Presswell and Blasco-Costa, 2019). Within the fish, G. cotidianus, T. darbyi metacercariae 
inhabit the vitreous and aqueous humours of the eye, moving freely between the two; they can 
reach lengths greater than 1 mm, and may occur in high intensities, e.g. often >10 metacercariae 
per eye (Blasco-Costa et al., 2017; Presswell and Blasco-Costa, 2019). Recently, Stumbo and 
Poulin (2016) demonstrated that T. darbyi shows a diel behaviour pattern in which individuals 
moved farther up in the eye during the day, potentially increasing obstruction, and retreated to 
the bottom of the eye at night. The authors hypothesized that this diel movement could increase 
the likelihood of transmission during the day when grebes are active by impairing the vision, and 
consequently the evasiveness, of the bullies (Stumbo and Poulin, 2016).  
 Gobiomorphus cotidianus is the most widespread bully species in New Zealand, 
occurring across freshwater streams, lakes, and estuaries (McDowall, 1990; Michel et al., 2008; 
Vanderpham et al., 2013). At present, only G. cotidianus from a single lake, Lake Hayes, in the 
Otago region of the South Island have been identified as infected with T. darbyi (Stumbo and 
Poulin, 2016; Blasco-Costa et al., 2017; Presswell and Blasco-Costa, 2019). As for the only 
identified definitive host, in New Zealand P. cristatus australis is only found on lakes of the 
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South Island, and like many native birds is considered nationally vulnerable (Presswell and 
Blasco-Costa, 2019; New Zealand’s Department of Conservation). Considering the ubiquity of 
the 2nd intermediate host and limited range of the definitive host, understanding how, if at all, T. 
darbyi impacts the behaviour of G. cotidianus could have intriguing implications for aquatic 
ecology in New Zealand. In the present study I hypothesize that increasing intensity of T. darbyi 
infection will result in increasing visual impairment, thus reducing the ability of G. cotidianus to 
identify and react to a predatory threat. To test this hypothesis, I performed experiments to 1) 
examine the fish’s reaction to a purely visual predator cue, and 2) test their ability to avoid 
simulated predation under natural levels of infection.   
2.2 Methods 
Collection, Housing, and Tagging 
 Common bullies Gobiomorphus cotidianus (n=64; Animal Ethics Committee approval # 
70/17001) were collected from Lake Hayes, Otago on the South Island of New Zealand in the 
Summer and Spring of 2018. Hayes is a small lake (~2.76 km²; Otago Regional Council) located 
in the Southern Alps approximately 272 km from the University of Otago. Minnow traps were 
deployed over night and collected the following morning. Fish were transported in ice chests 
provided with air stones back to the university and immediately transferred to holding tanks (see 
dimensions below). All holding tanks were filled with 1/3 saltwater and 2/3 freshwater (isotonic 
solution) to prevent fungal growth on bullies and provided with filtration and aeration. The 
bullies were fed ad libitum daily on commercial fish pellets and excess food was removed via 
suction tube. Fish were allowed 72 hrs to acclimate to holding conditions (20 °C room 
temperature water; 12 hr photoperiod) before receiving, under anaesthesia (5 min in a MS-222 
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solution, 1 mg/L), a unique 2 mm visible implant elastomer (VIE) tag for identification purposes 
(Northwest Marine Technologies Inc.).  
Predator Stimulus 
  
 Two aquaria (14 L; 31.5 cm x 19 cm x 14.5 cm) were utilized as testing arenas, both 
covered on 3 sides with black plastic to reduce outside stimuli during trials (Figure 2.1). For this 
experiment a simulated predator in the form of a shadow passing through the tank was generated 
by a computer and presented to the fish using a mobile tablet (Galaxy S). First, the tablet was 
wirelessly connected to a laptop PC (Dell Intel Core i5-72000U) using the Spacedesk x10 app 
(datronicsoft Inc.) to be used as an extended monitor, and then placed over the top of the arena 
(Figure 2.1). The PowerPoint shown on the tablet was split into black and white halves to create 
light and dark sides of the arena; the white half being where the rectangular shadow passed 
through. By splitting the tank in half, I were able to simulate open space (i.e. the lit area) and 




cover (e.g. large rock, sunken log, etc.) using the dark side (Figure 2.1). To decrease light 
penetration into the dark half of the tank, and further simulate cover, a black divider was placed 
at the boundary between halves.  As only one tablet was available, it was moved from arena to 
arena as needed. 
 Fish from the Summer collection (n=33) were used for this experiment and were held in 
groups of 3 in separate 14L aquaria (31.5 cm x 19 cm x 14.5 cm). Each fish was used twice with 
48 hr in between trials and testing occurred over a 2-week period. A coin was flipped twice for 
each trial, once to determine which arena was used and again to decide the side of the tank to be 
lit. Following this, the test fish was introduced to the arena in a glass jar, that was then gently 
inverted and lifted to release the fish, and a glass cover supporting the tablet was set directly over 
the opening. All lights in the room were off and a black plastic sheet separated the test arenas 
from the observer operating the laptop. A 15 min acclimation period was followed by 15min of 
filming, 10 min pre-stimulus and 5 min post-stimulus (Sony HandyCam FDR-AX33). The 
shadow was timed to pass through the tank at the 10min mark during the trial taking 3 s to move 
across the lit side. In total, the fish were in the arena for 30min and promptly placed back into 
their holding tanks afterwards. From the videos, a fish’s reaction was scored (0 = no reaction, 1 = 
paused, 2 = immediate use of cover) and the duration (s) of the pause if it occurred, was 
recorded. A “pause” was defined as the fish ceasing movement and sitting motionless on the 
bottom. During data analysis, the two types of reactions were pooled such that the response of 
the fish was treated as a binomial (0 = No Reaction, 1 = Reaction). A further analysis comparing 
the two reaction types (i.e. pause vs escape to cover) was not included due to the small number 




 Bullies (originally n = 34, for data analysis n = 31) for this experiment were collected in 
Spring 2018 and held in sized matched groups (n = 6 individuals per group) in separate holding 
tanks (36 L; 44 cm x 27.5 cm x 29.5 cm). Each group started with 6 fish except for one which 
had 5, due to collection numbers. One fish died before the completion of the experiment, so its 
group was also treated as having 5 individuals. Further mortality after the experiment, but before 
dissection for parasites, resulted in the final number of fish (n = 31) used for data analysis. Two 
large (54 cm x 80 cm x 28 cm) plastic tanks were used as testing arenas, each provided with 3 
pieces of 10 cm long PVC pipe for cover (Figure 2.2). Each group of fish was used in 6 trials, 
with the first set of three trials taking place at two-day intervals, and the second set of three trials 
starting after a 7-day rest period and also taking place at two-day intervals. In any given trial, a 
single group was placed in a given arena 48hrs before the trial began to acclimate and then 
allowed an additional 48 hrs between each trial in a set. Each trial consisted of a volunteer using 
a net (7.5 cm x 10 cm) to capture fish in a simulated predation event; volunteers were chosen 
randomly, not allowed to participate more than twice in a row, and never used in more than 3 
trials. The volunteers were allowed to freely pursue fish for 5 s intervals with 10 s of rest (i.e. the 
net is out of the water) in between for a maximum of 20 attempts, until all fish were captured, or 
all fish were inside the cover. Bullies were scored following each trial from 6 to 0 corresponding 
to the order of capture (e.g. 6 = first, 1 = last, and 0 = not caught; with the exception of groups 
with 5 in which 5 = first); the number of times each fish was captured over the course of the 6 
trials was also recorded. The score for each fish was standardized using the following formula to 
produce a single value for each individual and account for variable group size (5-6 fish): 
10(𝑀𝑒𝑎𝑛 𝑆𝑐𝑜𝑟𝑒 𝑂𝑣𝑒𝑟  6 𝑂𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛𝑠)
(# 𝑜𝑓  𝐹𝑖𝑠ℎ 𝑖𝑛 𝑡ℎ𝑒 𝐺𝑟𝑜𝑢𝑝  𝐷𝑢𝑟𝑖𝑛𝑔  𝑡ℎ𝑒 𝑂𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛𝑠 )
. This formula generates values from 0 to 10 such that 
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a fish caught first every time would have a score of 10, regardless of the number of fish in that 
group, and those never caught would have a 0. Individuals that died prior to dissection for 
parasite counts were excluded from data analysis but the scores assigned to other fish within 
their group during the experiment remained the same (i.e. if the group had 6 fish during testing 
but one died “6” would still represent first capture for analysis).  
 
Parasite Counts  
 Following the experiments all fish were euthanised by overdose of MS-222 (10mg/L), 
measured for standard length (SL) and weighed (TM), then immediately decapitated. The eyes 
were removed and examined separately to obtain numbers of Tylodelphys darbyi for both the left 
and right eyes. I focused on the humours in the eyes, as this is where T. darbyi is found, but the 
lens and other tissues were also examined. After dissecting the eyes, the rest of the fish was 
examined for total parasite burden. Several trematodes, Apatemon sp., Telogaster opisthorchis, 
and Stegodexamene anguillae are commonly found encysted as metacercariae in muscle tissues 
(e.g. body and head), connective tissues in the body cavity, and various organs (e.g. gonads and 
liver). The nematode Eustrongylides sp. is also known to be found in the body cavity of G. 
Figure 2.2 Diagram of predator avoidance experimental setup. 
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cotidianus so their presence was recorded as well. For all parasite taxa, in addition to the 
infection intensity of individual fish, I also calculated prevalence (proportion of individual fish 
infected) and mean intensity of infection (mean number of parasite individuals per infected fish) 
(Bush et al., 1997). 
Statistical Analysis 
 Statistical tests were performed, and figures generated, using the lme4, lmerTest, and 
ggplot2 packages in the program R (version 3.5.2; R Core Development Team, 2018). All 
models include the number of T. darbyi (i.e. the intensity of infection per individual fish) as main 
predictor, as it is the taxon under scrutiny. I also tested for the effect of Apatemon sp., however 
other parasites were excluded as they were rare or too few by comparison (see results; Table 1).  
I used a generalized linear mixed-effects model (GLMM; glmer function) and a linear mixed-
effects model (LMM; lmer function) both with fish ID as a random factor, to account for using 
the same individual more than once, and intensities of T. darbyi, Apatemon sp., and fish SL as 
predictors for the predator stimulus experiment. The GLMM, run with the binomial distribution, 
had the fish’s reaction (i.e. no reaction vs reaction) as the response variable, and for the LMM I 
used the duration of the pause as the response variable. Further LMMs were used for the predator 
avoidance experiment, using group ID as a random factor. For these models, standardized score 
and number of captures were used as response variables with T. darbyi intensity, Apatemon 
intensity, and SL as predictors.  Beyond the models addressing the main experiments, I also ran 
Pearson correlations to test for a relationship between left and right eye T. darbyi intensities (i.e. 
to determine whether infection was evenly distributed between the eyes), for a relationship 
between SL and either T. darbyi or Apatemon intensities, and for a relationship between the 




We used naturally infected fish for our experiments, because the complete life-cycle of 
Tylodelphys darbyi is not known. For this reason, I aimed to minimize our sample sizes while 
keeping them large enough to achieve statistical requirements. Gobiomorphus cotidianus is the 
most abundant and widespread endemic, freshwater fish in New Zealand (McDowall, 1990) and 
> 100 can be recovered in a single trap night, so the numbers I used per experiment (< 40) are 
not likely to impact the population. In addition, the Lake Hayes population has a T. darbyi 
prevalence of near 100% (Stumbo and Poulin, 2016; current study), allowing us to collect 
smaller numbers of fish and still guarantee infection. Fish were kept in holding tanks at stocking 
densities of < 2L/fish and provided with enough shelter (i.e. 10cm PVC pipes) that each 
individual had a territory to itself. Common bullies take longer to acclimate (e.g. pale 
colouration) to holding conditions when not in a group and without adequate shelter (author pers. 
observation), so these conditions are intended to reduce stress.  For each experiment, fish were 
held in captivity for no more than 4 months at the end of each all individuals were humanely 
killed via overdose of MS-222 (10mg/L). These methods were approved by the University of 










I examined 64 Gobiomorphus cotidianus for parasite load over the course of these two 
experiments and recovered 5 taxa of parasitic helminths (Table 2.1). Tylodelphys darbyi was 
found in almost every individual, with an average of about 17 worms per fish (see Table 2.1). 
Most T. darbyi specimens were recovered from the humours of the eyes, but 13 individuals were 
found in the braincase while dissecting fish collected in Spring (P = 25.8%).  For both 
collections the intensity of T. darbyi showed a significant, positive correlation between left and 
right eyes (Pearson correlation: r = 0.90, N = 64, P < 0.001; Figure 2.3). The other trematode 
Collection Helminth Taxa Prevalence (%) Mean Intensity Intensity Range 
Summer   




 Tylodelphys darbyi  97.0   8.4 0 27 
 Apatemon sp. 100.0 220.1 72 516 
 Telogaster opisthorchis  39.4   3.8 0 11 
 Stegodexamene anguillae  12.1   1.0 0 1 
 Eustrongylides sp.   3.0   1.0 0 1 
Spring       
n=31      
 Tylodelphys darbyi 100.0  29.8 5 67 
 Apatemon sp. 100.0 236.4 62 469 
 Telogaster opisthorchis  83.9   7.2 0 70 
 Stegodexamene anguillae  87.1   5.7 0 25 
 Eustrongylides sp.  32.3   1.3 0 2 
Overall 
   
  
n=64 
   
  
 
Tylodelphys darbyi  98.7  17.6 0 67 
 
Apatemon sp. 100.0 236.2 62 516 
 
Telogaster opisthorchis  57.9   5.8 0 70 
 
Stegodexamene anguillae  43.4   5.0 0 25 
  Eustrongylides sp.  15.8   1.3 0 2 
Table 2.1 Prevalence (%), mean intensity, and the range of intensity for all parasite taxa from both collections as 
well as overall. 
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taxa recovered across both collections were Apatemon sp., Telogaster opisthorchis, and 
Stegodexamene anguillae. Apatemon sp. was found in every fish sampled at very high intensities 
while T. opisthorchis and S. anguillae had lower prevalence and intensities (Table 2.1). All three 
of these taxa were found in the muscles and connective tissues, but T. opisthorchis and S. 
anguillae could also be found in various organs (e.g. liver and gonads). Eustrongylides sp. was 
the only nematode found in the fish examined and always occurred as larvae associated with 
tissues surrounding the alimentary canal.  There was a significant, positive correlation between 
T. darbyi intensity and fish SL (Pearson correlation: r = 0.54, N = 64, P < 0.001; Figure 2.3), but 
not between Apatemon sp. intensity and SL (Pearson correlation: r =0.20, N = 64, P = 0.12).  
  
Figure 2.3 Mean intensity of Tylodelphys darbyi infection in right and left eyes (Left), and scatterplot showing relationship 





There was no significant effect of T. darbyi intensity on whether or not fish reacted to the 
simulated predator (Binomial GLMM: z57 = -1.28, P = 0.14), with both reacting and non-
reacting fish having similar T. darbyi intensities (Figure 2.4).  Likewise, the duration of the 
pause, if it occurred, was not significantly predicted by T. darbyi intensity (LMM: t5.26 = 0.45, P 
= 0.67; Figure 2.4). The intensity of Apatemon sp.  also did not predict a difference between 
hosts’ reaction (Binomial GLMM: z57 = -1.14, P = 0.27) or the duration of the pause (Binomial 
GLMM: t5.89 = -0.72, P = 0.50). 
 
 
Figure 2.4 Mean intensity of Tylodelphys darbyi of those individuals that reacted to the stimulus and those that did not (Left). 
Scatterplot showing the relationship between the duration of the pause in reaction to the predator stimulus an d T. darbyi 






For the Predator Avoidance experiment I tested 31 G. cotidianus. The intensity of T. 
darbyi did not significantly predict the standardized score (LMM: t25 = 0.42, P = 0.68; Figure 
2.5) or the number of times an individual was captured (LMM: t25 = 0.82, P = 0.41; Figure 2.5). 
Similarly, Apatemon sp. intensity did not predict an individual’s score (LMM: t25 = -0.78, P = 
0.44) or number of captures (LMM: t25 = -0.99, df = 25, p = 0.33). Standard length was not a 
significant predictor of either response variable (LMM score: t25 = -0.65, P = 0.52; LMM 
captures: t25 = -1.40, P = 0.17). However, there was a significant positive correlation between an 
Figure 2.5 Scatterplots showing the relationship between the Tylodelphys darbyi intensity and the standardized score (Left) 




individuals’ score and the number of times it was caught (Pearson correlation: r = 0.95, N = 31, 
P < 0.001; Appendix 1.1).  
2.4 Discussion 
 Manipulation of the host by a parasite to facilitate trophic transmission has been heavily 
studied. It is suggested that those parasites residing in sensory organs (e.g. brain, eyes, etc.) can 
impact the behaviour of the host due to interference with their processes (Barber and Crompton, 
1997a; Barber and Crompton, 1997b; Barber and Wright, 2006). However, in this case I did not 
find a relationship between an eye-fluke, Tylodelphys darbyi, and either the reaction to a visual 
predator stimulus or the ability of the host, Gobiomorphus cotidianus, to escape a simulated 
predator, even when infection intensity was high. I did find a positive correlation between the 
left and right eye intensities of T. darbyi, indicating that the parasite load is evenly split between 
both eyes, a result consistent with previous findings (i.e. Stumbo and Poulin, 2016). The positive 
correlation between the size of the fish and T. darbyi intensity is not surprising and is a common 
trend with larger individuals harbouring more parasites than smaller ones (Kuris et al., 1980; 
Poulin, 2000; Poulin and George-Nascimento, 2007; Ruehle et al., 2017). In addition, I found no 
relationship between the intensity of the most common parasite found in the bullies, Apatemon 
sp., and our measures of predator avoidance, even though this parasite must also be transmitted 
by predation to a bird definitive host to complete its life cycle. For T. darbyi, these results are 
unexpected not only due to the intensities in which they occur in individual eyes, but also with 
respect to their size and mobility. Individual metacercariae can be seen moving within the eyes 
of live bullies (e.g. in front of and behind the lens) without magnification, even when looking at 
fish in the aquarium (pers. observation).   
35 
 
 The highly mobile nature of T. darbyi, unlike, for example, Diplostomum spp. which 
often reside in the lens, could be an explanation for our results. When in the lens, Diplostomum 
induces cataracts as a result of waste products released by the parasite, and these can be quite 
extensive at high intensities of infection (Karvonen et al., 2004; Seppälä et al., 2011). Fish lenses 
are transparent spheres that focus light passing into the eye before it reaches the retina, and 
cataracts reduce that transparency (Fernald, 1990). Therefore, it stands to reason that the 
associated pathology of Diplostomum would impact the ability of the host to visually react to a 
predatory stimulus (Seppälä et al., 2004; Seppälä et al., 2005; Seppälä et al., 2008).  By contrast 
T. darbyi appears to have very little pathological impacts on the host (e.g. no damage to the 
retinal tissues; Stumbo and Poulin, 2016) other than being large, highly mobile (for a worm), and 
obstructing of the retina. Stumbo and Poulin (2016) showed that retinal obstruction is extensive 
during the day, when our experiments took place, so it is unlikely the diel movements of T. 
darbyi impacted our results. It could be that the near 100% prevalence of infection in this 
population masks impacts that would be seen in localities with more uninfected individuals. 
However, considering parasites are often over dispersed within a host population (i.e. most 
parasites are found in few hosts) there should still be more bullies with lower levels of infection 
than those with high (Anderson and May, 1978), suggesting that the biology of G. cotidianus 
itself could explain our findings.  
 We utilized a purely visual predator simulation in the Predator Stimulus experiment, 
something G. cotidianus are unlikely to encounter in the wild. Aside from vision, fishes possess 
complex, and varied, chemo- (e.g. olfactory) and mechanosensory (e.g. the lateral line) systems 
for detecting stimuli, such as predatory threats (Bleckmann, 1986; Hara, 1986; Chivers and 
Smith, 1993; Barber and Wright, 2006; Bleckmann and Zelick, 2009). For example, the response 
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of bullies to predators has been studied using water scented with shortfin eel, or tuna heke, 
Anguilla australis (i.e. a native predator; Hammond-Tooke et al., 2012) and perch Perca 
fluviatilis (i.e. an introduced predator; Vanderpham et al., 2012). Vanderpham et al., (2012) 
showed that G. cotidianus utilized shelter (i.e. PVC tubes) more in the dark when a predator 
odour was present compared to the control, but contrary to their predictions there was no 
difference between control and odour treatments in light conditions. The authors proposed that 
perhaps the lack of visual cues in addition to predator odour produced the unexpected results. 
Additionally, the lateral line of fishes detects pressure waves and other movements in the water 
column, such as those caused by other animals (Bleckmann, 1986; Bleckmann and Zelick, 2009). 
A real predator would generate a disturbance in the water that G. cotidianus could potentially 
detect, but, in this case, there was no movement in the tank other than the fish itself. Therefore, 
the lack of any other stimulus (e.g. predator odour, water disturbance, etc.) resulting in an 
unrealistic predatory event could be the reason for the apparent lack of response by the bullies 
rather than T. darbyi having no impact. Having said this, visual cues can serve a fish in shallow 
water to detect an avian predator even before the latter lands on the water surface, and the 
apparent unresponsiveness of bullies, even lightly infected ones, to visual stimulation is 
puzzling.   
 The second experiment aimed to simulate an actual predation event by capturing the 
bullies with a small aquarium net. In doing so, I solved the issue discussed above of only having 
a single predator cue since the fish not only could see the net but also detect its movement with 
their lateral line. I did not observe any relationship between T. darbyi intensity and either the 
score of the fish (based on order of capture, and therefore on relative susceptibility with respect 
to its group membership) or the number of times an individual was caught, but there was a 
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significant positive correlation between the score and number of captures. This shows that the 
individuals that were captured most often were also caught earlier in the trials, however the 
reason for this remains unclear. It is possible that the lack of a relationship between T. darbyi and 
the risk of being caught by a predator is due to the use of the lateral-line (Bleckmann, 1986; 
Bleckmann and Zelick, 2009). Individual G. cotidianus from lake populations possess lateral line 
systems adapted for sensitivity to changes in still waters as opposed to those from rivers 
(Vanderpham et al., 2013). Since the bullies used in this experiment came from Lake Hayes, they 
would have the lake-morph lateral-lines, potentially providing compensation for any visual 
impairment caused by T. darbyi, in this case. Another explanation could simply be that a net 
wielded by a human volunteer, although used in earlier studies of a similar nature (Seppälä et al., 
2004), is not an accurate surrogate for a natural predator. Unfortunately, short of putting a live 
perch or eel in the arena and allowing them to feed on the bullies this is as close to a “natural” 
interaction as I can achieve in a laboratory setting. Natural predators of G. cotidianus at Lake 
Hayes are either diving birds (e.g. grebes Podiceps cristatus australis), native fishes (e.g. eels), 
or introduced fishes (e.g. perch) all of which move through beneath the surface to hunt for prey, 
so using a net should accurately simulate a predation event by any of these potential threats.  A 
further possibility is that the individuals used in the experiment were naturally easier to capture 
than fish that did not enter the traps during collection (Carter et al., 2012).  
 The visual acuity of G. cotidianus, with and without parasites, is poorly understood. 
Vision in fishes is quite variable between and among species, thus making assumptions, however 
necessary, about how common bullies perceive visual stimuli is an inherent flaw. For instance, I 
do not know how important vision is for G. cotidianus when interacting with its environment. 
Many of the lakes in which G. cotidianus occurs are turbid (e.g. Lake Pukaki, secchi depth = 
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0.6m) and/or deep (e.g. Lake Wanaka, 277m) resulting in low visibility due to clarity, light 
conditions, or both (Rowe et al., 2003). As such, it is possible that other sensory systems, 
mentioned previously (i.e. olfaction, lateral line, etc.), compensate in low visibility conditions 
due to the wide variety of conditions in which the species occurs. I can, however, make 
inferences with regards to the visual ability of common bullies up to a point. For example, bullies 
darken in colour (i.e. light brown to black) in response to conspecifics (pers. observation), 
especially males during the breeding season (McDowall,1990). In fishes, darkening can be a way 
of creating contrast with the background space-light making themselves more visible to 
conspecifics (Guthrie, 1986; Muntz, 1990; Kodric-Brown, 1998). Therefore, it is apparent that 
visual stimuli are important for G. cotidianus, at least for some degree of conspecific 
communication, but the extent to which vision is used to identify and avoid predators, and 
whether that is influenced by eye-dwelling parasites, remains unclear.  
 In conclusion, I were unable to show a relationship between T. darbyi infection and the 
ability of its fish host, G. cotidianus, to react to and avoid simulated predatory threats. In part, 
our results could be due to our experimental conditions not recreating a realistic predation event 
such that reduced visual acuity would be apparent. The seeming lack of pathogenicity associated 
with T. darbyi combined with the ubiquity of infection in Lake Hayes bullies could also mask 
any deleterious side-effects related to avoiding predators. Future work investigating the impacts 
of parasites on predation rates of their hosts should attempt to create experimental conditions that 
are as realistic as possible. Unfortunately, this would likely require the use of actual predators 
which is not possible in the present case for ethical reasons. Furthermore, a better understanding 
of the behaviour of both the parasite (i.e. what is T. darbyi doing while in the eye) and the host 
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Risky Business: Influence of eye-flukes on use of risky 









3.1 Introduction  
 The prerequisite for any parasitic manipulation to be considered adaptive is that it confers 
a fitness benefit to the parasite. Different types of host manipulations are expected based on the 
life cycle and transmission mode of the parasite (Poulin 2010). Thus, specific kinds of host 
manipulation are associated with parasites that require their hosts to move to a new area (e.g. 
nematomorphs, Cordyceps fungi, etc.) to allow or enhance the dispersal of the parasite’s 
propagules (Andersen et al., 2009; Poulin 2010; Bolek et al., 2013), and other types of 
manipulations would be expected for vector-borne diseases and parasitoids. However, the best-
studied are those involving parasites that are trophically transmitted (Lafferty 1999; Poulin 
2010).  Parasite-increased trophic transmission occurs in parasite taxa that have complex, multi-
host life cycles in which one host must be ingested by another (Lafferty 1999; Moore 2002; 
Poulin 2010; Moore 2013). Some parasites accomplish this by physically changing the 
appearance (e.g. colour and/or morphology) of the host to attract predators or impair escape 
responses (Poinar and Yanoviak 2008; Poulin 2010; Moore 2013; Wesolowska and Wesolowski 
2014). Other parasites cause the host to put itself at greater risk of predation by increasing its 
activity levels, or changing its use of microhabitats or shelter (Holmes and Bethel 1972; Bethel 
and Holmes 1973; Moore 1983; Moore 1984; Moore and Lasswell 1986).  
  Aquatic ecosystems harbour a variety of parasites with complex lifecycles (e.g. cestodes, 
trematodes, etc.) (Barber and Poulin 2002). Fish act as intermediate hosts to a wide range of 
parasites in natural ecosystems, and as such are at risk of behavioural alterations (Barber et al., 
2000; Barber and Poulin 2002; Barber and Wright 2006). In some cases, parasites impact the 
host by changing time budgets and habitat choice due to physiological demands of infection 
(Brassard et al., 1982; Barber and Wright 2006). For example, sticklebacks, Gasterosteus 
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aculeatus, infected with the cestode Schistocephalus solidus have increased oxygen demands and 
as a result spend more time in shallower waters and nearer the surface (Lester 1971; Barber and 
Wright 2006; Poulin 2018). Lester (1971) suggested anecdotally that infected sticklebacks were 
at greater risk of predation by birds due to these behavioural changes. Schistocephalus solidus 
infection also causes sticklebacks to avoid shoaling with uninfected conspecifics, potentially, 
directly or indirectly, increasing predation risk due to higher vulnerability (Barber et al., 1995). 
Trematode parasites of fish can also impact the behaviour of the host by invading sensory organs 
or central nervous system (e.g. brain, eyes, etc.) (Barber and Crompton 1997a, b; Barber and 
Wright 2006). For instance, metacercariae of Euhaplorchis spp. infect the brains of killifish, 
Fundulus spp., causing the host to perform conspicuous movements (e.g. flashing, surfacing, 
contorting, etc.) (Lafferty and Morris 1996; Fredensborg and Longoria 2012). The killifish in this 
case serves as an intermediate host for the parasite and the altered swimming patterns result in 
greater rates of transmission to birds, the definitive host (Lafferty and Morris 1996; Fredensborg 
and Longoria 2012).  
A group of trematodes often studied for their effects on fish behaviour are diplostomid 
eye-flukes. Diplostomum spp. can be found as metacercariae in the lenses of a variety of fish 
where they generate cataracts due to the release of waste, and as such may have multiple effects 
on the host (Owen et al., 1993; Karvonen et al., 2004a; Seppälä et al., 2004; Seppälä et al., 
2005a; Kalbe and Kurtz 2006; Seppälä et al., 2008; Voutilainen et al., 2008; Voutilainen et al., 
2010; Ubels et al., 2018). Rainbow trout, Oncorhynchus mykiss, infected with Diplostomum 
spathaceum engage in behaviours that put them at greater risk of predation. For example, those 
harbouring the parasite do not shoal with uninfected fish and are more vulnerable to a simulated 
predator (Seppälä et al., 2004; Seppälä et al., 2008). Additionally, when provided with the choice 
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of a dark or light background, infected trout spent more time over the light area which made 
them visually more conspicuous; similar to the interaction seen in acanthocephalan infected 
cockroaches (Gotelli and Moore 1992; Seppälä et al., 2005b). Closely related eye-flukes, 
Tylodelphys spp., are also found as metacercariae in the eyes of fish, but these parasites are 
comparatively understudied for their behavioural impacts (e.g. Muñoz et al., 2017; Muñoz et al., 
2019; Ruehle and Poulin 2019).  
 The recently described  Tylodelphys darbyi infects the eyes of a native fish, the common 
bully Gobiomorphus cotidianus, on the South Island of New Zealand (Stumbo and Poulin 2016; 
Blasco-Costa et al., 2017; Presswell and Blasco-Costa 2019). In the eyes of G. cotidianus, 
metacercariae of T. darbyi move freely within the fluid parts (i.e. the aqueous and vitreous 
humours) of the eye, can be >1 mm in length, and commonly reach intensities of >10 per eye, 
but, unlike Diplostomum spp., do not cause noticeable pathology (Stumbo and Poulin 2016; 
Blasco-Costa et al., 2017; Presswell and Blasco-Costa 2019). The definitive host of T. darbyi is 
the Australasian great-crested grebe Podiceps cristatus australis, a diving bird that actively 
pursues fish under water. Common bullies are benthic, unlike sticklebacks and trout, and as a 
result do not form proper shoals. Instead, they use underwater structures (e.g. rocks, logs, etc.) as 
shelter, and can form loose aggregations if enough structure is provided  (McDowell 1990; pers. 
observation).  Few studies have investigated this host-parasite system (e.g. Stumbo and Poulin 
2016; Ruehle and Poulin 2019; Chapter 2) and none has investigated how infection could impact 
the bully’s movement (e.g. conspicuous behaviour, microhabitat/shelter use) within the 
environment. Therefore, the objectives of the present study are to determine if T. darbyi infection 
1) causes common bully to be more conspicuous due to increased activity levels, and 2) impacts 
the choice of microhabitat (i.e. shelter or not) when alone and when in groups. I hypothesize that 
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higher intensities of T. darbyi will cause bullies to show increased activity and spend more time 
moving about in open space (i.e. more conspicuous, risky microhabitat), and will reduce their 
ability to compete for shelter with fish harbouring lower infection levels. 
3.2 Methods 
Collection, Housing, and Tagging 
 Common bullies Gobiomorphus cotidianus were collected from Lake Hayes, located in 
the Southern Alps of New Zealand’s South Island 14.5km from Queenstown. Fish were caught 
using minnow traps placed along the lake margins overnight and recovered the following 
morning. After collection, fish were transported back to the University of Otago in 25L ice 
chests provided with aeration. Holding tanks were provided with filtration, aeration, and filled 
with a solution of 1/3 saltwater and 2/3 freshwater to prevent fungal growth. The tanks were lit 
from above on an automatic 12h day/night cycle, fish fed commercial fish pellets ad libitum, and 
water kept at room temperature (i.e. 20 ºC). Tank sizes differed between the two experiments 
(see below) but stocking densities were kept at < 2 fish/L and fish were provided with enough 
shelter (e.g. 10 cm PVC pipe pieces) such that each could establish an individual territory. 
Following a 72hr acclimation period, fish were anaesthetized (5 min in MS-222 solution, 1mg/L) 
and tagged with a unique, visible, 2 mm-long elastomer implant tag (Northwest Marine 
Technologies Inc.) for identification. To minimize observer bias, blinded methods were used to 
record behaviours in the following experiments. Indeed, because the infection status of each 
individual fish can only be determined through dissections after the behavioural observations, all 
behaviour measurements were done with the observer completely unaware of whether a fish was 
infected, and if so by how many parasites. 
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Individual Microhabitat Use and Activity Level 
 Fish (n = 35) were collected in Summer 2018 and held in groups of 3 in 14 L tanks (31.5 
cm x 19 cm x 14.5 cm). The testing arena (36 L; 44 cm x 27.5 cm x 29.5 cm) was split into two 
sides (water depth 20cm), one provided with light and the other without; the dark side of the 
arena represents shelter (e.g. an overhang, rock, etc.) (Figure 3.1). A 100 w desk lamp was used 
as the light source, all other lights in the room were shut off, and a divider (i.e. carboard covered 
in black plastic) was used to direct the light to one side and minimize penetration into the other. 
Individual fish were introduced to the lit side of the arena in a glass jar for a 30min acclimation 
period, after which the jar was gently lifted releasing the fish for a 30min video session. All trials 
were recorded using a GoPro Black5 camera controlled remotely by the observer. During video 
observation, the amount of time (min) each fish spent in the lighted area was recorded as well as 
the number of times the individual crossed from one side to the other as a measure of activity. 
Following a 48hr rest period, fish were tested a second time in a different but identical arena in 
which the light and dark sides were switched. 




Group Microhabitat Use 
 Individuals (n=30) for this experiment were collected in Spring 2018 and held in 6 size-
matched groups in 36 L tanks (44 cm x 27.5 cm x 29.5 cm). Groups initially consisted of 5 or 6 
fish, based on size classes, but due to mortality during captivity one group consisted of 4 fish 
only. Two identical testing arenas (54 cm x 80 cm x 28 cm) were divided into quadrants, 2 with 
shelter and 2 without, filled to a depth of 15 cm, and provided with a layer of aquarium gravel 
(Figure 3.2). Arenas in this experiment are larger than in Experiment 1 due to testing multiple 
fish together and the potential territorial nature of G. cotidianus. Shelter quadrants were oriented 
diagonal to each other and were equipped with 2 “shelters” consisting of PVC tubes (diameter = 
4 cm, length = 10 cm) attached to 10x10 cm ceramic tiles. A group of fish was introduced to the 
centre of the arena and allowed 1hr acclimation before the first observation, at which point the 
location of each fish (shelter quadrant scored as 1, no shelter quadrant as 0) was recorded. Four 
further observations were made, each with an hour in between, for a total of 5. Each group was 
tested twice with 48 hrs in between trials. 




 Parasite Counts 
 All fish were euthanized by a combination of an overdose of MS-222(10mg/L) and spinal 
severance as well as measured for standard length (SL) and weighed (TM). Each eye was 
removed and examined for Tylodelphys darbyi infection separately. Considering T. darbyi is 
found in the humours of the eye, I focused our efforts on this area, but the lens and retina were 
also examined. Common bullies are hosts to several other parasites in addition to T. darbyi, 
therefore I examined the rest of the fish for infection as well. Three trematode taxa, Apatemon 
sp., Telogaster opisthorchis, and Stegodexamene anguillae, are common bully parasites. They 
are found encysted as metacercariae in and around various organs (e.g. gonads and liver), in the 
connective tissues in the body cavity, and in muscle tissues. A nematode, Eustrongylides sp., can 
also be found in the body cavity of common bully and so their presence was noted as well. I 
calculated, in addition to infection intensity, the prevalence (proportion of individual fish 
infected) and mean intensity of infection (mean number of parasite individuals per infected fish) 
for all parasite taxa recovered. 
Statistical Analysis 
 We performed all statistical analyses and generated figures using the lme4, lmerTest, 
visreg (Breheny and Burchett 2017), and ggplot2 packages in the program R (version 3.5.3; R 
Core Development Team, 2019). For the shelter and activity experiment, I ran mixed-effects 
models (GLMM, glmer function, and LMM, lmer function) with Fish ID as the random factor to 
account for each fish being used in two trials.  The first GLMM was fitted with the Poisson 
distribution and used the number of crosses (from one side of the tank to the other) as the 
response variable, and the other analysis was run as a standard Gaussian LMM with time spent in 
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the open (i.e. the lit side) as the response. Both models used Tylodelphys darbyi intensity, SL, 
and sexual maturity (mature vs immature) of the individual fish as predictor variables.  
 A single GLMM was used for the second experiment (group microhabitat use) with fish 
ID and group number as random factors, to account for the 5 observations per trial and two 
replicate trials. I ran the model using the binomial distribution with the choice of quadrant 
(shelter = 1, no shelter = 0) as the response variable and T. darbyi intensity, SL, and sex of each 
fish as predictors. The first two models used maturity rather than sex as a predictor because for 
the Summer 2018 collection there were immature individuals (i.e. lacking developed gonads) 
which prevented differentiation of males from females.  
 Intensity of the trematode Apatemon sp. was used originally as a predictor in all models, 
as it was by far the most abundant taxa found (see results) for both experiments, but was later 
excluded due to the variable generating scale errors, even after scaling the predictors, as well as 
causing the models to fail to converge with the model intercept, which can lead to false positives. 
This issue remains for any model iteration that includes Apatemon sp. Therefore, to test the 
influence of this parasite I performed Spearman’s rank correlations for the first experiment (i.e. 
number of crosses and time in the open) and a Mann-Whitney-Wilcoxon test for the second (i.e. 
use of shelter) with Apatemon sp. intensity as the dependent variable. Other parasite taxa (i.e. T. 
opisthorchis, S. anguillae, and Eustrongylides sp.) were not used for analyses due to their 
comparatively low prevalences and intensities (see results). The first two models used maturity 
rather than sex as a predictor because for the Summer 2018 collection there were numerous 






We recovered 5 parasite taxa from 65 Gobiomorphus cotidianus over the course of our 
two experiments (Table 3.1). All fish were infected with Tylodelphys darbyi with an average of 
~18 worms per individual (Table 3.1). Most T. darbyi metacercariae were found in the aqueous 
and vitreous humours in the eye, but in the Spring collection a total of 13 worms were found in 
the braincases of 8 individuals. Three other trematode taxa, Apatemon sp., Telogaster 
opisthorchis, and Stegodexamene anguillae, were recovered from both Spring and Summer 
Table 3.1 Percent prevalence, mean intensity, and range of intensity for all parasite taxa recovered for each 
collection as well as overall. 
Collection Helminth Taxa Prevalence (%) Mean Intensity 
Intensity 
Range 
Summer   




 Tylodelphys darbyi 100.0   8.9 1 27 
 Apatemon sp. 100.0 254.4 85 560 
 Telogaster opisthorchis  40.0   3.6 0 11 
 Stegodexamene anguillae  17.1   1.8 0 6 
 Eustrongylides sp.   5.7   1.5 0 2 
Spring       
n=30      
 Tylodelphys darbyi 100.0  28.7 5 67 
 Apatemon sp. 100.0 233.4 62 469 
 Telogaster opisthorchis  83.3   7.2 0 70 
 Stegodexamene anguillae  86.7   5.8 0 25 
 Eustrongylides sp.  30.0   1.3 0 2 
Overall 
   
  
n=65 
   
  
 
Tylodelphys darbyi 100.0  18.1 1 67 
 
Apatemon sp. 100.0 244.7 62 560 
 
Telogaster opisthorchis  60.0   5.9 0 70 
 
Stegodexamene anguillae  49.2   5.1 0 25 
  Eustrongylides sp.  16.9   1.4 0 2 
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collections (Table 3.1). All three taxa were found in the muscles and connective tissues with T. 
opisthorchis and S. anguillae also occurring in and on some organs (e.g. liver, gonads, etc.). 
Apatemon sp. was found in high intensities in all fish sampled, but the other taxa occurred in 
much lower numbers and prevalences (Table 3.1). The nematode Eustrongylides sp. was 
recovered as a larva and was always associated with tissues surrounding the alimentary canal.  
 
  
Figure 3.3 Relationship between T. darbyi intensity and the number of times a 
bully crossed the arena. The shaded areas are confidence intervals with alpha 
set at 0.05, and have zero width at the mean value of T. darbyi intensity. The y-
axis indicates how many more or fewer crosses are expected for a fish with 
more or fewer parasites than the mean intensity. Rug marks show partial 





 In the first experiment on individual fish, Tylodelphys darbyi intensity significantly 
predicted the number of times the bullies crossed from one side of the arena to the other, with the 
more heavily infected fish showing greater activity (z = -3.64, dfresid= 62, P < 0.001; Figure 3.3). 
On their own, SL and maturity (i.e. mature vs immature) of the fish did not predict the number of 
crosses, but there was a significant two-way interaction between these two predictors (z = -2.29, 
dfresid= 62, P = 0.02). There were further significant two-way interactions between T. darbyi 
intensity and SL (z = -2.60, dfresid= 62, P = 0.009) as well as with the maturity of the fish (z = 
4.37, dfresid = 62, P < 0.001; Figure 3.4).   The amount of time a fish spent on the lit side of the 
arena was significantly predicted by T. darbyi intensity (t = -2.40, dfresid = 28, P = 0.02; Figure 
3.5) but not SL (t  = 0.74, dfresid = 28, P = 0.46) or maturity (t = -0.35, dfresid= 28, P = 0.73). A 
two-way interaction between T. darbyi intensity and maturity significantly influenced the time 
Figure 3.4 Scatterplot showing relationship between T. darbyi intensity and 
number of arena crosses. The solid line shows the negative relationship for 




spent in the light side (t = 2.46, dfresid= 28, P = 0.02; Figure 3.6), but the interaction between T. 
darbyi and SL did not (t = 0.06, dfresid = 28, P = 0.95). There was no interaction between SL and 
maturity of the fish (t = -1.01, dfresid= 28, P = 0.32). Finally, there was no relationship between 
Apatemon sp. intensity and either activity level (rs = 0.18, P = 0.13) or time in the open (rs = -





Figure 3.5 Relationship between T. darbyi intensity and the time in minutes a 
bully spent on the lit side of the arena. The shaded areas are confidence 
intervals with alpha set at 0.05, and have zero width at the mean value of T. 
darbyi intensity. The y-axis indicates how much more or less time in the lit side 
is expected for a fish with more or fewer parasites than the mean intensity. Rug 






In the second experiment using groups of fish, bullies were somewhat more likely to use 
shelter with increasing T. darbyi intensity (z = -2.39, dfresid = 291, P = 0.02), but there was no 
main effects of SL (z = -1.20, dfresid= 291, P = 0.23) or sex of the fish (z = 0.54, dfresid= 291, P = 
0.59). Finally, the likelihood of females using shelter decreased with higher T. darbyi intensities 
whereas for males the probability increased (z = 1.98, dfresid = 291, P = 0.048; Figure 3.7), 
despite infection levels being relatively equal between the sexes  (e.g. mean intensity for males = 
27.4 and females = 30.1). There was also no difference in Apatemon sp. intensity between fish 
that used shelter and those that did not (W = 5895, P = 0.17). 
Figure 3.6 Scatterplot showing relationship between T. darbyi intensity and the 
time in minutes a bully spent on the lit side of the tank. Different symbols 
indicate immature and mature individuals. The solid line shows the negative 






Parasites have the ability to alter the behaviour of their host, causing them to be more 
conspicuous and choose risky microhabitats (Holmes and Bethel, 1972; Bethel and Holmes, 
1973; Moore, 1983; Moore, 1984; Moore and Lasswell, 1986; Lafferty and Morris, 1996; 
Fredensborg and Longoria, 2012). I have shown that the intensity of Tylodelphys darbyi 
infection may have some impact on the activity level and shelter use of Gobiomorphus 
cotidianus singly and in groups. Our first experiment showed that as T. darbyi intensity increases 
fish are more active (i.e. cross the centre of the arena more often) and spend more time in the 
open (i.e. the lit side of the arena), potentially increasing their conspicuousness to visually-
searching predators. However, the confidence bands for the relationships in both Figure 3.3 and 
Figure 3.7 Relationship between T. darbyi intensity and the probability of a 
bully using a shelter quadrant. Rug marks show partial residuals with positive 
values on the top and negative on the bottom. Shaded area is the confidence 
band with alpha set at 0.05. The lines represent the relationship for males 




3.5 indicate that the effect of high infection intensity is variable and likely modulated by other 
factors. I also found that immature bullies were less active and spent less time in the open with 
increasing numbers of T. darbyi than did mature fish.  In the group shelter experiment, I 
observed that the probability of females using a shelter quadrant decreased with increasing 
numbers of T. darbyi, while for males it increased. A previous study demonstrated that eye-
flukes can have an impact on the microhabitat (i.e. light vs dark background and associated 
colour change) choice of their fish hosts (Seppälä et al., 2005b). The authors experimentally 
infected farmed, juvenile rainbow trout Oncorhynchus mykiss with Diplostomum spathaceum, a 
parasite known to cause obvious pathology (i.e. cataracts). In contrast, our study examines a 
native fish harbouring natural infections with a parasite that has no known pathological impact 
on the host (Stumbo and Poulin, 2016).  
Common bullies, as benthic fish, use structure (e.g. rocks, woody debris, etc.) for 
protection from predators, so any stressor that causes the fish to abandon that shelter should 
increase the risk of being captured (Rahel and Stein, 1988).  In other fish species that actively 
swim about the water column, conspicuous behaviour manifests itself as altered movement 
patterns such as darting, contorting, and/or surfacing (Lafferty and Morris, 1996; Fredensborg 
and Longoria, 2012). However, increased conspicuousness in bullies might simply involve 
leaving a protective shelter and spending more time moving about in the open, potentially 
resulting in the fish being captured by T. darbyi’s avian definitive host given it hunts by actively 
swimming through the water. Similarly, increased movement in the open could make it more 
likely that a bully would encounter a predator thus facilitating transmission. Actual risk of 
predation was not tested in this study however, therefore there may be explanations other than 
parasitic manipulation. Barber et al. (1995) suggest that infected sticklebacks were less likely to 
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shoal with uninfected conspecifics due to a greater need to forage for food, particularly away 
from competition. It is possible that higher intensities of T. darbyi cause the fish to spend more 
time exploring the environment for resources due to their vision being impaired. In such a case, 
increased risk of predation would be a coincidental side-effect of infection rather than direct 
manipulation by the parasite (Poulin, 2010).  
We have shown that higher intensities of T. darbyi may coincide with fish being more 
active. However, rather than a manipulation, or other impact of infection, these individuals could 
have been innately more active than the other fish in the sample, in which case higher intensities 
of infection might be a consequence of behaviour, and not their cause. It has been shown that 
fish that spend more time moving about their environment risk encountering infective stages of 
parasites more often than others in the population (Poulin et al., 1991; Wilson et al., 1993). 
Poulin et al. (1991) demonstrated this with ectoparasitic copepods infecting mobile brook trout 
fry at a higher rate than those that remained stationary. Similarly, the life stage of T. darbyi 
infective to bullies, cercariae, freely move about the water body in search of a host (Selbach and 
Poulin, 2018), therefore more active individuals could have simply contacted and acquired more 
parasites for this reason. Contrary to this explanation, Koprivnikar et al. (2012) found that the 
most exploratory tadpoles in their study had lower levels of trematode infection because they 
would actively swim away from cercariae. While this does not fit with what I observed for 
mature bullies, it matches the patterns seen in the immature fish, in which the least active 
individuals harboured higher infection intensities. Perhaps active immature individuals are in 
better physical condition, and as such able to fend off infection and its effects, than the other fish 
(Koolhaas 2008; Koprivnikar et al., 2012).  
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The bullies for these experiments were collected at different times of the year, and as 
such this could have had an impact on the outcomes. Mean intensity of T. darbyi was almost 4-
fold higher in the Spring collection than in the Summer (Table 3.1; t = -5.28, df = 35.68, P < 
0.001). Higher numbers of parasites in their eyes could have a greater influence on the fish’s 
behaviour. However, since I considered both collections separately, and both contained a range 
of infection levels from low to high, it is unlikely that the disparity greatly impacted our findings. 
A seasonal difference in the behaviour of the bullies could be relevant, however, as I found that 
there may be difference between males and females in the group shelter experiment. The 
breeding season for common bully generally starts in October (i.e. entering Austral Summer; 
McDowall 1990), and our experiment took place in early November. Male common bullies 
usually develop a distinctive mating coloration (e.g. turn black) and guard an area (i.e. structure 
or shelter) in which they entice a female to lay her eggs (Stephens, 1982; McDowall, 1990). So, 
it is possible the pattern shown here is due to males guarding a selected territory and the females 
investigating potential mates and nest sites.  
 In trematodes whose metacercariae inhabit fish eyes, natural selection may have favoured 
location in the eye as a means to evade the host’s immune response, and not directly for the 
function of manipulating host behaviour (Locke et al., 2010). Whatever the evolutionary reasons 
for their presence in fish eyes, there may be consequences for fish vision and behaviour. Here I 
demonstrate that the eye fluke T. darbyi may impact the microhabitat choice and activity of 
common bully; this is the first study showing potential behavioural changes associated with this 
parasite.  It is possible that using more risky microhabitats increases the likelihood of the fish 
being eaten by the parasite’s definitive host. In our study, however, this was not specifically 
tested, and as such conclusions about the adaptiveness of the behavioural change should be made 
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with caution. I have acknowledged various factors which could have influenced our findings and 
suggest that future studies endeavour to test them specifically with respect to T. darbyi infection. 
One way to account for several factors (e.g. innate active behaviour) would be to experimentally 
infect bullies taken from a population lacking the parasite. Unfortunately, despite screening 
hundreds of snails, I have still not identified the snail first intermediate host of T. darbyi, and as 
such obtaining the larval stage infective to common bullies is not yet possible. When the snail 
host is found, conducting experimental infections will allow characterization of behaviours pre- 















Hunger Games: Resource competition in fish under the 






The impacts of parasitic organisms are now considered important drivers in ecosystems, 
capable of influencing aspects from population dynamics to food web structure (Holmes and 
Bethel 1972; Anderson and May 1978; Dobson and Hudson 1986; Scott and Dobson 1989; 
Hudson et al., 2006; Lafferty et al., 2008). Some, like the rinderpest virus, cause high mortality 
of their hosts and in so doing can alter entire ecosystems (Sinclair 1979). Metazoan parasites, 
such as trematode flatworms, on the other hand, often impact populations, communities, and 
ecosystems through behavioural alterations or physical impairment rather than outright host 
mortality (Hudson, et al., 2006; Poulin 2010). These impacts may result in infected individuals 
being predated at higher rates, by host and/or non-host predators, increasing food web 
connectivity within the community (Mouritsen 2002; Mouritsen and Poulin 2003; Chen et al., 
2008; Lafferty 2008; Lafferty et al., 2008; Poulin, 2010). Parasites may also shape community 
structure by affecting how species compete with one another. For instance, a parasite may cause 
higher mortality, or simply a reduction in fitness, in one host species than another in a 
community, thus conferring a competitive advantage to the least impacted host (Park 1948; Price 
et al., 1988; Hudson and Greenman 1998; Hatcher and Dunn 2011; Friesen et al., 2020).  
However, not all interactions in an ecosystem are interspecific, as organisms often must compete 
with others of their species for resources (e.g. food, mates, shelter, etc.), and indeed parasites can 
influence these interactions as well (Bedhomme et al., 2005; Koprivnikar et al., 2008; Hatcher 
and Dunn 2011).  
Fish are important hosts in aquatic ecosystems for a variety of parasite groups (e.g. 
trematodes, cestodes, etc.) that can likewise affect their ability to compete with conspecifics 
(Barber et al., 2000; Barber and Poulin, 2002; Barber and Wright, 2006; Maan et al., 2006; 
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Cureton II et al., 2011). Some of these parasites cause impairment by imposing energetic and/or 
physiological demands that reduce the physical condition of the host (Barber and Wright, 2006; 
Barber, 2007). For example, male mosquitofish Gambusia affinis with increasing intensity of 
blackspot disease (i.e. trematode metacercariae) are less able to pursue mates compared to 
uninfected fish (Cureton II et al., 2011). In addition to basic reduction in physical ability, 
impairment can affect how fish compete for positions within a population (e.g. shoal position, 
territories, etc.) and their production of colour patterns for displays (Mittlebach, 1988; Houde 
and Torio, 1992; Siebeck, 2004; Maan et al., 2006; Price et al., 2008; Siebeck, 2014). Infected 
fish form less cohesive schools (i.e. greater distance between members) and position themselves 
on the outside of a shoal, where they are easier targets for predators, with uninfected individuals 
in the safer centre positions (Radabaugh, 1980; Barber and Huntingford, 1996; Seppälä, et al., 
2008). Stickleback Gasterosteus aculeatus males develop a red abdomen during the breeding 
season, but this coloration is reduced due to infection by the cestode Schistocephalus solidus 
(Pennycuick, 1971). Likewise, males of Pundamilia nyererei, a Lake Victoria cichlid, show a 
reduction in both territory size and red coloration, both essential for mating success, with 
increasing intensity of infection by helminth parasites (Maan et al., 2006). The need for 
resources such as territories and mates can be seasonal for many fish species, but competition 
with conspecifics over limited food is ongoing. 
Parasites can reduce the ability of their fish host to obtain and compete for food with 
conspecifics. As with competition for other resources, the impacts of parasitism on foraging can 
be a result of reduced physical condition. For example, G. aculeatus infected with S. solidus 
spend more time foraging and ingest less food when placed in direct competition with uninfected 
individuals (Barber et al., 1995; Barber and Ruxton, 1998). Food acquisition can also be 
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impaired when parasites invade sensory organs (e.g. eyes), affecting the ability of the host to 
perceive food in the environment (Seppälä et al., 2004; Seppälä et al., 2005; Kalbe and Kurtz 
2006; Seppälä et al., 2008; Voutilainen et al., 2008; Voutilainen et al., 2010; Ubels et al., 2018). 
Diplostomid trematodes use fish as second intermediate hosts in their life cycles where they can 
infect various parts of the eyes (e.g. lens, humours, etc.) (Chappell, 1995; Barber and Wright, 
2006; Barber, 2007). When Diplostomum spp. reside in the lens they can generate cataracts, as a 
result of waste products being released, affecting the host’s vision and associated behaviours 
(Owen et al., 1993; Karvonen et al., 2004). For example, D. spathaceum infection reduces the 
reaction distance to prey and can cause infected individuals to spend more time foraging than 
uninfected shoal mates in several fish species (Crowden and Broom, 1980; Voutilainen et al., 
2008). The closely related Tylodelphys clavata, which inhabits the liquid parts of the eye (i.e. the 
humours), also affects competitive ability of the host (Muñoz et al., 2017; Muñoz et al., 2019). 
European perch Perca fluviatilis show reduced reaction distance and ingest fewer prey with 
increasing intensity of T. clavata infection, while uninfected individuals have higher foraging 
success rates (Muñoz et al., 2017; Muñoz et al., 2019). 
Tylodelphys darbyi is the only described diplostomid trematode in New Zealand and at 
present is known exclusively from mountain lakes on the South Island (Presswell and Blasco-
Costa, 2020). As with other diplostomids, T. darbyi exhibits a complex lifecycle requiring an 
invertebrate (i.e. a snail) and two vertebrate hosts, a fish followed by a bird, to reach maturity 
and reproduce (Blasco-Costa et al., 2017; Presswell and Blasco-Costa, 2020).  The fish host for 
T. darbyi is the common bully Gobiomorphus cotidianus, an endemic species widespread 
throughout New Zealand.  In bullies, Tylodelphys darbyi resides in the eyes where it moves 
freely within the humours, can occur at high intensities (>20/eye), and be quite large (>1 mm), 
63 
 
however despite this there is no evidence of pathology (i.e. no damage to retina, lens, etc.) 
related to infection (Stumbo and Poulin, 2016). Common bullies are small, benthic fish that use 
submerged structure (e.g. rocks, woody debris, etc.) for shelter (pers. observation; McDowall, 
1990). It has been reported that G. cotidianus will guard their chosen shelter from conspecifics, 
however whether they choose structure preferentially over open space has not been tested 
(McDowall, 1990). Further, it is suggested that during the breeding season males darken in 
colouration (e.g. sandy-brown to black; Figure 4.1), but the authors have observed that all bullies 
flush with dark coloration in contests over shelter, or territory, and food. 
Recently, it has been demonstrated that as T. darbyi intensity increases, bullies spend 
more time actively moving in the open away from shelter (Ruehle and Poulin, 2020; Chapter 3). 
It was suggested this behaviour could be due to fish with higher infection levels needing to 
explore their environment for resources, such as food, more than those with fewer parasites. 
Additionally, G. cotidianus hosts the trematode Apatemon sp. that encysts throughout the muscle 
tissues and body cavity; this parasite could also impact resource acquisition due to physical 
impairment. In the present study I wanted to test whether infection by both parasites impacts the 




ability of G. cotidianus to locate a food source and acquire the shelter nearest to it when placed 
in direct competition with conspecifics. Additionally, I wanted to determine if infection had an 
impact on bully colouration considering it is likely important during intraspecific competition. 
The objectives are to determine whether 1) infection impacts the ability of  individuals to identify 
and hold the territory nearest a food patch, 2) fish are more likely to tolerate sharing a territory if 
they harbour fewer parasites, and 3) whether or not coloration communicates infection levels. I 
hypothesize that fish with lower levels of infection will secure better territories nearer the food 
patch, be more likely to tolerate sharing a territory, and, as a result, be darker in colouration to 
communicate their competitive ability.  
4.2 Methods 
Collection, Housing, and Tagging 
 Fish, Gobiomorphus cotidianus (n = 32), were collected from Lake Hayes on the South 
Island of New Zealand in January 2019, using minnow traps set overnight. The bullies were held 
in 8 size-matched groups of 4 in 36 L aquaria (44 cm x 27.5 cm x 29.5 cm) with filtration, 
aeration, lit from above on a 12 hr day/night cycle, and fed commercial fish pellets ad libitum. 
Fish were grouped with individuals within ~10mm of their own length (range: 43.11-75.07mm; 
Appendix 2.1) to reduce the impact of size on experiments and the incidence of intergroup 
cannibalism. Water in the aquaria was a solution of 1/3 saltwater and 2/3 freshwater, to prevent 
fungal growth on the fish, and water temperature was kept at ambient levels (i.e. ~20 °C). Fish 
also were provided with enough shelter (e.g. 10 cm x 5 cm PVC pipe pieces) so that each could 
establish a territory to itself, minimizing conflict between tankmates. After an acclimation period 
of 72hrs, bullies were anaesthetized with MS-222 (5 min, 1 mg/L solution) and tagged with a 
unique visible implant elastomer implant (2 mm long; Northwest Marine Technologies Inc.) for 
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individual identification. All collection, housing, tagging, and experimental treatment of fish are 
in accordance with the University of Otago Animal Ethics Committee (permit no. 70/17001). 
Experimental Procedure 
 Two test arenas (80 cm x 54 cm x 28 cm; Figure 4.2) were utilized and a 4x3 grid pattern 
(each cell = 20 cm x 18 cm) drawn on the bottom of each; see Figure 4.1 for diagram of setup.  
Four shelters consisting of PVC tubes (diameter = 4 cm, length = 10 cm) attached to 10x10 cm 
ceramic tiles were placed at distances of 5 cm, 15 cm, 25 cm, and 35 cm from a central point, 
designated the “food patch”, where fish pellets would be introduced during the trial. The shelters 
were arranged so that an opening was facing the food patch and any visual obstruction was 
minimized, and while the distances remained the same the arrangements differed between the 
arenas (but only one per quadrant of the test tank). All 8 groups of fish were tested twice, for 
repeatability, with their respective groupmates in this experiment. All 4 bullies were introduced 
to the test arena via a plastic jar and allowed 24 hr to acclimate to the new surroundings before 
the trial began. During the acclimation period 10 fish pellets were introduced via plastic tube to 
the patch twice (10:00 and 14:00) so the bullies would associate the area with food; this was 
continued throughout the observation period. Food pellets were introduced simultaneously to 
give advantage to the first fish to reach the food patch. The grid section of each fish was 
recorded at 2 hr intervals 4 times between 9:00-15:00 for 3 days; bullies are benthic fish that are 
not very active, therefore this recording scheme suffices to capture their usual location. If the fish 
was in a shelter, that shelter’s distance to the food patch was recorded, but if it was not the grid 
section was recorded instead. Even if fish were not sitting in the shelter during the observation, if 
they were in the section with the shelter it was assumed they were associated with it and the 
distance was recorded accordingly. For those that were not in a shelter section their effective 
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distance was recorded later by measuring from the food patch to the centre of each section, 
creating 7 possible distance categories: 5 cm, 10 cm, 15 cm, 20 cm, 25 cm, 30 cm, 35 cm. I also 
recorded the relative body colouration (i.e. light vs dark) of each fish and whether the fish was 
sharing the section with other individuals for each observation. Following a trial, the fish were 
returned to their holding tank and allowed to rest for 10 days before being tested again in the 
second arena. This design allows for 24 observations per fish across both trials (4 times/day x 3 
days x 2 trials). 
Parasite Counts  
 Following the experiment, all bullies were euthanized by overdose of MS-222 (i.e. 10 
mg/L for 5 min) and spinal severance, and then measured for standard length (mm; SL) and total 
Figure 4.2 Diagram of experimental setup showing both arenas. 
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mass (g; TM). For each fish, I examined both eyes separately for Tylodelphys darbyi, with focus 
on the humours where the parasite is most often found. During dissection, T.  darbyi was found 
in the braincase as well (see results, Table 4.1), so these infections were considered separately 
from those in the eyes. Three other trematode taxa, Apatemon sp., Telogaster opisthorchis, and 
Stegodexamene anguillae, are commonly found as metacercariae in bullies from Lake Hayes. All 
three species are found encysted throughout the muscles, organs, and body cavity, so these were 
dissected out and the parasites counted. The larval nematode Eustrongylides sp. is occasionally 
found in the body cavity of bullies in association with internal organs, so its presence/absence 
was noted for each fish.  
Statistical Analyses 
 All statistical tests were performed, and figures generated, using the lme4, lmerTest, 
ordinal, visreg, and the tidyverse suite of packages in R programming. In order to avoid over-
parameterization of the models I ran separate models for each hypothesis using 1) the intensity of 
T. darbyi in the eyes, 2) whether the host was infected/uninfected with brain T. darbyi, and 3) the 
intensity of Apatemon sp.; other parasite taxa occurred in low enough prevalences (Table 1) that 
they were excluded. To test the first hypothesis, i.e. that infection impacts the ability of fish to 
hold the territory nearest a food patch, I used cumulative-link mixed models (CLMMs; clmm 
function) with distance from the food patch as the response, standard length (mm) and trial as 
fixed factor predictors, in addition to the parasite infection measures above, and fish ID, group 
number, and day as random factors. I treated distance in this case as an ordered variable because 
during any observation it was not possible for that individual to occupy a different space. For the 
next hypothesis (i.e. that fish are more likely to tolerate sharing a territory if they harbour fewer 
parasites), I ran generalized linear mixed models (GLMMs; glmer function) fitted to the binomial 
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distribution using whether or not an individual shared its territory as the response and the same 
fixed and random factors as the previous set of models.  The final hypothesis (i.e., that body 
coloration communicates infection levels) was also tested using binomial GLMMs, this time 
with whether the fish’s coloration was dark or light as the response, and parasite infection 
measures, sex of the fish and day as predictors, the latter two instead of SL and trial. I treated day 
as a fixed factor in these models to act as a measure of time because a fish’s coloration can be 
related to how acclimated it is to the surroundings. Sex of the fish was used instead of SL in this 
case because it has been reported that male bullies are often darker than females, even out of 
breeding season.  
4.3 Results 
Table 4.1 Percent prevalence, mean intensity, and range of intensity of parasite taxa. 
Helminth Taxa Prevalence (%) Mean Intensity Intensity Range 




Tylodelphys darbyi (eyes) 100.0  35.8 5 99 
     
Tylodelphys darbyi (brain)  40.6   1.8 0 4 
     
Apatemon sp. 100.0 303.7 96 597 
     
Telogaster opisthorchis  68.8   3.9 0 8 
     
Stegodexamene anguillae  71.9   3.6 0 10 
     
Eustrongylides sp.   5.0   1.3 0 2 
          
 
 All fish examined (n = 32) were infected with Tylodelphys darbyi and Apatemon sp. 
(Table 4.1). Both trematodes were found at higher prevalences and at greater intensities (T. 
darbyi = ~36/fish; Apatemon = ~304/fish) than the other 3 taxa recovered (Table 4.1). Within the 
eyes, T. darbyi metacercariae were found exclusively in the aqueous and vitreous humours but 
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were also recovered from the braincase of ~40% of the fish. Apatemon sp. was found encysted 
throughout the muscles, body cavity, and various organs (e.g. gonads). The other trematodes, 
Telogaster opisthorchis and Stegodexamene anguillae, were found in the same tissues as 
Apatemon sp. but at much lower intensities. Larval stages of Eustrongylides sp., the only non-
trematode recovered, were found in the body cavity in very few individuals (Table 4.1).  
 
 
Figure 4.3 Relationship between mean distance from the food patch a nd Tylodelphys darbyi intensity in the 
eyes. The top plot shows the overall trend for all individuals, and the bottom plot separates observations by 








Figure 4.4 Mean distance from the food patch for both fish infected with brain Tylodelphys darbyi and 
uninfected fish between trials and among size classes; error bars represent standard error from the mean 
(top). Relationship between the probability of sharing a territory and  standard length (mm) between those 
infected with brain Tylodelphys darbyi and uninfected fish and trials (bottom). Points on the graphs 





A summary of significant (P > 0.05) effects and interactions is presented in Table 4.2, a 
full table of results from the models is presented in Appendix 2.2. I found a significant, negative 
relationship between T. darbyi infection in the eye and distance from the food patch (z = -2.029, 
dfresid = 749, P = 0.042; Figure 4.3). Likewise, smaller fish tended to have fewer T. darbyi in the 
eyes and situate themselves farther from the food patch, and the mean distance to the food patch 
differed between trials (Figure 4.3; Table 4.2).   The fish that had T. darbyi in their brain did not 
differ from those without brain parasites in mean distance from the food patch in the first trial 
except for those over 60 mm (Figure 4.4; Table 4.2). However, brain-infected fish below 50 mm 
and above 60 mm spent more time closer to the food patch in the second trial, and those of 
intermediate size stayed farther away (Figure 4.4; Table 4.2). As with T. darbyi in the eyes, 
Apatemon intensities were lower in smaller fish that tended to stay farther from the patch, with 
some variation between trials (Figure 4.5; Table 4.2). In the models with Apatemon and brain T. 
darbyi, the two-way interaction between SL and Trial significantly predicted distance but did not 
in the eye T. darbyi model (Table 4.2).  
 Between trials, the probability of bullies sharing a territory decreased with higher 
intensities of eye T. darbyi (z = -2.025, dfresid = 749, P = 0.043; Figure 4.6) and increasing size 
except for those over 60 mm which showed the opposite trend (Table 4.2; Figure 4.6). The 
likelihood of fish without brain T. darbyi sharing territory decreases more sharply with 
increasing length compared to infected individuals, and this impact was more pronounced in the 
first trial (Table 4.2; Figure 4.4). Likewise, the probability of a fish sharing territory decreases 
with higher intensities of Apatemon, but this was most pronounced in the first trial (Figure 4.5; 
Table 4.2).  For the eye T. darbyi and Apatemon models Trial was a significant main effect, 
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while the two-way interaction between SL and Trial predicted the likelihood of territory sharing 





Figure 4.5 Relationship between mean distance from the food patch and Apatemon sp. intensity. Observations 
are separated by trial and fish by size class, < 50 mm (blue), 50-60 mm (red), and > 60 mm (green) (top). 
Probability of sharing a territory versus Apatemon sp. intensity between trials (bottom). Points on the graphs 




Table 4.2 Results from the three model series organized by response variable and parasite predictor. The 
distance series shows results from CLMMs, while both the territory and coloration series are GLMMs fitted to 
the binomial distribution. 
Response Tylodelphys (eyes)   Tylodelphys (brain)   Apatemon sp. 
               
Distance Predictors SE z P   Predictors SE z P   Predictors SE z P 
df
resid
 = 749               
 Eyes 0.011 -2.029 0.042  Trial 0.218 2.729 0.006  Trial 0.164 2.304 0.021 
 
Trial 0.158 2.674 0.007  Brain:SL 0.051 -2.481 0.013  Apatemon:Trial 0.001 3.355 0.001 
 
Eyes:Trial 0.008 2.814 0.005  Brain:Trial 0.285 -2.218 0.027  SL:Trial 0.021 -2.116 0.034 
 
Eyes:SL:Trial 0.001 -3.482 0.000  SL:Trial 0.025 -2.801 0.005  Apatemon:SL:Trial 0.000 -2.553 0.011 
 
    
 
Brain:SL:Trial 0.037 3.467 0.001      
Sharing                
df
resid
 = 749 Trial 0.195 3.387 0.001  Brain:SL 0.053 -3.144 0.002  Apatemon sp. 0.002 -2.945 0.003 
 Eyes:SL 0.001 2.567 0.010  SL:Trial 0.033 -2.440 0.015  Trial 0.199 3.119 0.002 
 Eyes:SL:Trial 0.001 -2.025 0.043  Brain:SL:Trial 0.046 3.259 0.001  Apatemon:Trial 0.001 2.921 0.003 
 
    
 
    
 SL:Trial 0.026 -2.210 0.027 
Coloration               
df
resid
 = 746               
 Day 3 1.438 -2.124 0.034  Sex:Day 2 0.857 2.197 0.028  Apatemon:Day 3 0.004 -2.180 0.029 
 Sex:Day 3 1.516 2.366 0.018  Sex:Day 3 0.924 3.074 0.002  Apatemon:Sex:Day 2 0.005 2.679 0.007 
 Eyes:Sex:Day 2 0.043 2.084 0.037  Brain:Sex:Day 2 1.376 -2.847 0.004  Apatemon:Sex:Day 3 0.005 2.853 0.004 
 Eyes:Sex:Day 3 0.136 2.065 0.039           
                              
 
 The probability of males having dark coloration increased over time compared to females 
in all models (Figure 4.7; Table 2). On days 2 (z = 2.084, dfresid = 746, P = 0.037) and 3 (z = 
2.065, dfresid = 746, P = 0.039) the males with the most T. darbyi in the eyes were more likely to 
be dark but the probability decreased at higher intensities in females (Figure 4.7). For those fish 
with T. darbyi in the brain the probability of males being dark also increased with infection and 
again decreased in females (Figure 4.7; Table 2). On day 1, the likelihood of being dark 
increased with Apatemon intensity in both males and females, but by day 2 the probability began 





Figure 4.6 Relationship between the probability of sharing a territory and Tylodelphys darbyi intensity in the 













4.4 Discussion  
 Infection by parasites can impact the ability of the host to compete for resources (Barber 
et al., 1995; Barber and Ruxton, 1998; Maan et al., 2006; Muñoz et al., 2017; Muñoz et al., 
Figure 4.7 Probability of dark coloration as a function of intensity of Tylodelphys in the eyes (top), the brain 




2019). I have shown that parasites infecting different regions of their host’s nervous system, 
sensory organs, and overall body have variable impacts on how far the host positions itself from 
a food patch, the probability that it shares its territory, and how likely it is to adopt dark body 
coloration. The more Tylodelphys darbyi metacercariae a bully has in its eyes, the closer, on 
average, it positions itself to the food source. Those with T. darbyi in the brain showed 
inconsistency in how close they located themselves to the feeding spot between trials compared 
with uninfected fish. In general, higher infection levels, of both T. darbyi and Apatemon sp., are 
associated with bullies being less likely to share territory, with some exception, and with males 
being darker in coloration. Some of these effects show an interaction with the fish’s size and/or 
trial with respect to how the host responded during the experiment. For example, the largest fish 
were somewhat more likely to share their territory with increasing intensities of Apatemon and T. 
darbyi in the eyes. When infected with T. darbyi in their brain, the probability of sharing their 
territory slightly decreased with increasing length, though in uninfected fish the trend was more 
pronounced, particularly in trial 1. Larger infected fish were slightly more likely to share their 
territory in the first trial, but in the second I observed the opposite trend. Overall, the influence of 
parasitic infection was strongly context-dependent, as it varied depending on fish size, on which 
trial was analysed, where the parasite was located (eyes versus brain), and between parasite 
species. 
 In fishes, length often correlates positively with both intensity of infection and age, with 
larger fish having more parasites and being older than smaller individuals (Winemiller and Rose, 
1992; Poulin, 2000). So, while it is possible that our results are due to bigger fish having more 
parasites, I find this unlikely as fish were size matched in each tested group, so infection levels 
should be within a comparable range between groupmates. Instead  I suggest that it is the 
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interaction between length and infection that is responsible for the patterns I see as fish of 
varying sizes will likewise have different resource requirements (e.g. amount of food or 
territorial area). Furthermore, some of the differences seen between trials could be attributed to 
the fish habituating to experimental conditions. I tested fish sequentially in two arenas containing 
different arrangements of shelters in order to reduce this effect, but the food patch was in the 
same spot in both arenas. Thus, it is possible fish were used to food being presented in that 
location by the second trial. However, I suggest that some of the differences are instead due to 
individual variation since some of the patterns hold true between trials.  
 We hypothesized that increased parasite infection would result in bullies being less able 
to compete and hold the shelter nearest the food patch. However, those with more T. darbyi in 
the eyes positioned themselves closer than those with lower intensities of the parasite. Recent 
studies on the impacts of Tylodelphys clavata in the eyes of perch Perca fluviatilis have shown 
that reaction distance to prey decreases with higher intensities of the parasite (Muñoz et al., 
2017; Muñoz et al., 2019). Therefore, it is possible that in order to compensate for reduced visual 
ability, the highly parasitized fish place themselves closer to the known location of food delivery. 
Likewise, those with fewer parasites could be able to discern when food is presented from a 
greater distance, and as such being farther away has fewer consequences. Further, the obstruction 
of the eye by parasites, as with other sensory organs, should make location of prey more difficult 
for the host (Barber, 2007), so bullies with high infections of T. darbyi could be staying in 
proximity once a food source is located to avoid having to search out another. There is a similar 
pattern with Apatemon, with smaller fish in general having fewer parasites and staying more than 
15 mm from the food patch and bigger individuals showing greater variation. I would expect 
greater impact from Apatemon given the high intensities and location throughout the body as 
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some physical impairment should be occurring. It is possible that the conditions of the 
experiment did not adequately generate a situation in which bullies needed to physically compete 
with one another, and as such any detrimental effects of Apatemon cysts throughout the body did 
not manifest.  
 Common bullies do not often tolerate sharing a shelter (pers. observation; McDowall, 
1990), so I tested whether the combination of parasitism and competition for limited ideal 
structures would impact this behaviour. Falling in line with our hypothesis, in general bullies 
were more likely to share shelters at lower intensities of infection compared to those with higher 
infection levels. Parasitism has been shown to affect the shoaling behaviour of other fish species 
resulting in infected individuals separating themselves from the group (Krause and Godin, 1994; 
Barber and Huntingford, 1996). This can be due to infected individuals being incapable of 
keeping up with the movement of healthy shoal members, particularly in the case of Apatemon 
that encysts in the musculature and body cavity. Alternatively, it may be that infected individuals 
need to spend more time foraging and as such leave the safety of the shoal more often (Barber et 
al., 1995). In bullies it has been shown that as T. darbyi intensity in the eyes increases the host is 
more active, spending more time moving about in the open (Ruehle and Poulin, 2020; Chapter 
3). Thus, considering that bullies with high intensities also positioned themselves close to the 
food patch, it is possible that these fish are separating themselves from others in order to increase 
their chances of taking advantage of this resource. Likewise, the bullies with lower intensities 
could be more likely to share in our experiment because shelter availability is limited, especially 
compared to rocky, nearshore habitats in New Zealand glacial lakes. Interestingly, this pattern is 
different for the largest fish when eye T. darbyi are considered, with these fish being slightly 
more likely to share their shelter than smaller fish. Big bullies, more so than small fish, chase off 
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conspecifics that get too close to their favoured shelter, therefore this finding is surprising 
(McDowall, 1990). Since several of the largest fish also had the highest numbers of T. darbyi, it 
is likely that these individuals were sharing the shelters nearest the food patch as well. This 
indicates, to some extent, that the motivation to be close to a ready source of prey outweighed 
the territoriality normally seen in large bullies. 
 Brain-inhabiting trematodes have, unsurprisingly, been shown to alter the behaviour of 
their fish hosts (Lafferty and Morris, 1996; Shirakashi and Goater, 2002; Fredensborg and 
Longoria, 2012; Kekäläinen et al., 2014). Diplostomids that encyst in the brain as metacercariae 
can reduce the repeatability of behaviours as well optomotor responses in cyprinid fishes 
(Shirakashi and Goater, 2002; Kekäläinen et al., 2014). Tylodelphys darbyi in the braincases of 
bullies are not encysted, instead they are free to move, to some extent, and are the same size as 
those in the eyes (e.g. > 1 mm). It is therefore possible that the very presence of a large 
metacercaria in the brain causes the behaviour of the host to be less repeatable than that of 
uninfected bullies, leading to the differences seen between trials. Infected bullies under 50 mm 
and over 60 mm could have located the food patch more easily in the second trial and, in 
accordance with the arguments above, stayed nearby to avoid  losing the resource. Bullies of 
intermediate size with a brain parasite stayed farther away in trial 2 compared to uninfected fish, 
so in this case perhaps these individuals were less able to compete for the closer positions. 
Larger fish without T. darbyi in the brain were less likely to share a shelter in general and 
between trials, but again infected fish behaved inconsistently between trials. Overall, the 
likelihood of infected fish sharing shelter varied very little with size, thus it is possible the 
presence of metacercariae in the brain impacts the fish’s tolerance of others. Fathead minnows 
Pimephales promelas with trematode cysts in the brain formed less cohesive shoals compared to 
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uninfected fish (Radabaugh, 1980), and something similar was observed here with a non-
shoaling species.  
 As with many fish species, G. cotidianus uses colour to communicate with conspecifics, 
such as in competitive bouts over mates or territory (Mittlebach, 1988; McDowall, 1990; Houde 
and Torio, 1992; Siebeck, 2004; Maan et al., 2006; Price et al., 2008; Siebeck, 2014). I saw a 
positive impact of infection, regardless of parasite species, on the likelihood of males being dark 
in coloration. However, it is possible the higher probability is due to the fish acclimating to the 
arena as bullies will at times lose coloration initially when they are introduced to a new 
environment (pers. observation). I attempted to reduce the impact of this phenomenon by testing 
fish with the same individuals they had shared holding tanks with after field collection, as well as 
allowing a full 24 hr before the first observation. Another explanation is that the pigment used to 
produce the dark coloration in G. cotidianus is less affected by parasitism than in other fishes 
(e.g. guppies: Houde and Torio, 1992; sticklebacks: Folstad et al., 1994). For example, 
carotenoid pigments (e.g. the basis of red and orange coloration) are derived from the host’s diet, 
and as such have been shown to be negatively affected by parasite infection in some cases 
(Houde and Torio, 1992; Folstad et al., 1994; McGraw and Hill, 2000; Price et al., 2008). Dark 
colour patterns, as seen in bullies, are produced by melanin, a pigment less likely to be regulated 
by infection (McGraw and Hill, 2000; Price et al., 2008). However, fish can melanise parasites 
(e.g. black spot disease: Cureton II et al., 2011) as a form of infection defence, so producing the 
colour could be a trade-off resulting in the dark individuals also having the most parasites (Price 
et al., 2008). 
One caveat of our study is that because the snail first intermediate host of T. darbyi (the 
source of infective stages) has not yet been identified despite extensive sampling, our 
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experiments use naturally-infected fish instead of experimentally infected ones. This makes the 
direction of causality difficult to ascertain, as fish behaviour may lead to infection just as 
infection itself might change behaviour. However, I feel that infection with T. darbyi resulting in 
changes in fish behaviour is the more plausible explanation, because the presence of the parasite 
in the eyes and brain of the host provides a clear mechanism by which infection could alter 
behaviours that rely on vision. 
 Previous work has shown that parasitism can impact how hosts compete for resources 
such as food or mates, however here I demonstrate that the effects of infection are not always so 
simple. I have shown that a parasite infecting different parts of the nervous system can have 
varying impacts on host competitive and territorial abilities. These impacts potentially cause 
individuals with the most T. darbyi in the eyes to occupy prime feeding locations while those 
with high infections in general also being darker and less likely to share their territory, except for 
the largest individuals, and showing inconsistency in behaviour. It is possible this could make 
these individuals more vulnerable to predation, by causing them to isolate themselves in 
exchange for being near a feeding area as well as being more visible due to their dark coloration. 
I did not specifically test this however, therefore future research should take predation risk into 
account. Our findings add to the evidence that parasites matter in ecological interactions, but also 
emphasize the context-dependence of their effects. The interplay of parasitism with other factors 
mean that the nature of their effects cannot easily be generalized across species, but instead 









Parasitic Personality: Multidimensional behavioural impacts 




5.1 Introduction  
Behavioural traits can vary among individuals within a population while remaining 
consistent and repeatable within individuals, creating distinct personalities (Sih et al., 2004a; Sih 
et al., 2004b; Dingemanse and Réale, 2005; Réale et al., 2007). Traits such as boldness (i.e. 
latency to recover/emerge following a threat), aggression (i.e. aggression towards a conspecific), 
exploration (i.e. movement within a novel area), and activity (i.e. movement during a set time 
period) are commonly investigated in animal behaviour studies for a variety of species 
(Dingemanse et al., 2002; Johnson and Sih 2005; Johnson and Sih 2007; Sinn et al., 2008; Carter 
et al., 2013; Mazue et al., 2015; Garcia et al., 2020; Keiling et al., 2020; Thomson et al., 2020; 
Webber and Willis, 2020). These traits can correlate with one another (e.g. boldness-aggression, 
exploration-activity, etc.) within and among individuals as well between populations, forming 
behavioural syndromes, which can shape population dynamics, resource acquisition, and social 
interactions (Réale et al., 2007; Barber and Dingemanse, 2010; Dingemanse et al., 2010; Wolf 
and Weissing, 2012). Despite notable controversies surrounding personality studies (e.g. 
Beekman and Jordan, 2017a; Beekman and Jordan, 2017b; Jungwirth et al., 2017), the potential 
for individual differences in behaviour to influence ecosystem processes it is necessary to 
understand how external factors may impact these interactions (Barber and Dingemanse, 2010; 
Dingemanse et al., 2010; Sih et al., 2012). It is well established that parasites can influence the 
behaviour of their host, but studies on how they may shape personality traits and associated 
syndromes are relatively recent (Barber and Dingemanse, 2010; Kortet et al., 2010; Hammond-
Tooke et al., 2012; Klemme et al., 2016; Barber et al., 2017). 
Parasitism can interact with personality in at least two ways, reflecting two alternative 
chains of causation: either an individual’s personality affects its exposure and susceptibility to 
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parasite infection, or infection by parasites induce changes in the host’s personality, or both 
(Wilson et al., 1993; Barber and Dingemanse, 2010; Kortet et al., 2010; Poulin, 2013; Klemme et 
al., 2016). Some personality types can make individuals more likely to become infected than 
others. In the aquatic environment in particular, the most explorative and bold individuals in a 
population could be more likely to encounter infective stages simply due to their movement 
about the environment (Poulin et al., 1991; Wilson et al., 1993; Kortet et al., 2010; Koprivnikar 
et al., 2012). Conversely, parasites can alter the behaviour of their host through several 
pathways, including pathological side-effects and direct manipulation to facilitate completion of 
the parasite’s lifecycle (Poulin, 2010). 
Most studies on parasite-induced behavioural changes have historically focused on a 
single personality trait rather than multiple axes (Barber et al., 2017). For example, studies 
relating infection to a fish’s ability to pursue mates due to physical impairment, or increased 
predation rates as a result of conspicuous swimming patterns, include activity level while not 
specifically referring to it as a personality trait (Lafferty and Morris, 1996; Cureton II et al., 
2011; Barber and Dingemanse, 2010; Fredensborg and Longoria, 2012). However, there have 
been recent efforts to take a multidimensional approach in order to demonstrate that parasite 
infection can modify multiple behavioural traits (Cézilly and Perrot-Minnot, 2005; Thomas et al., 
2010; Cézilly et al., 2013; Hammond-Tooke et al., 2012; Kekäläinen et al., 2014; Klemme et al., 
2016, Gopko et al., 2017). This approach has revealed that parasitic infection can result in 
multiple behaviours being altered, potentially, in some cases, increasing the host’s risk of 
predation (Gopko et al., 2017). In addition, testing the hosts multiple times over a predetermined 
period (e.g. several weeks) allows for an assessment of whether the behaviours are repeatable 
(Hammond-Tooke et al., 2012). This is important as some parasites may influence the host by 
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reducing the consistency of, rather than directly altering, particular behaviours (Coats et al., 
2010; Hammond-Tooke et al., 2012; Poulin, 2013). 
Certain groups of parasites, such as those that invade the nervous system or sense organs, 
are more likely to influence behavioural traits than others (Barber and Crompton, 1997a; Barber 
and Crompton, 1997b; Barber and Wright, 2006). Diplostomid trematodes commonly infect the 
eyes of fish as part of their life cycles where, depending on the species, they can inhabit the lens, 
humours, or retina. Diplostomum spp., which reside in the lens, are known to induce cataract 
formation in their hosts (e.g. rainbow trout Oncorhynchus mykiss, cyprinids, etc.) whereby they 
can impair a variety of vision sensitive behaviours (Karvonen et al., 2004; Seppala et al., 2004; 
Seppala et al., 2005; Seppala et al., 2008; Seppala et al., 2011). For instance, infected trout when 
threatened by a predator tend to be more active, quicker to recover, form less cohesive shoals, 
and in general are more likely to be captured than uninfected fish (Seppala et al., 2004; Seppala 
et al., 2008; Gopko et al., 2017). It has also been shown that D. spathaceum infected O. mykiss 
are more aggressive yet lose territorial contests more often than uninfected fish (Mikheev et al., 
2010). Surprisingly, Klemme et al., (2016) found D. pseudospathaceum did not impact 
personality traits (i.e. boldness, exploration, and activity) in O. mykiss compared to uninfected 
fish under experimental conditions (Klemme et al., 2016). These findings contrast with those by 
Gopko et al., (2017) that found infected fish were more active and bolder than uninfected 
conspecifics, suggesting that host-parasite interactions may differ among congeneric parasites 
and should be observed in multiple settings.  
Another group of diplostomids, Tylodelphys spp., can reside in the humours of the eyes 
and occur worldwide. Some species can impair the ability of their fish hosts to identify and 
acquire prey, especially in competition with uninfected individuals (Muñoz et al., 2017; Muñoz 
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et al., 2019). In New Zealand, Tylodelphys darbyi resides in the aqueous and vitreous humours of 
common bully Gobiomorphus cotidianus, a native fish widespread in rivers and lakes. 
Metacercariae of this species can reach a large size (about 1 mm long by 0.4 mm wide), are 
mobile and can occur in large numbers (>15 per eye) in infected fish (Blasco-Costa et al., 2017). 
Recent work has demonstrated that T. darbyi may have some impact of microhabitat choice and 
activity level of G. cotidianus while not impairing their ability to recognize and avoid a 
simulated predator (Ruehle and Poulin, 2019; Ruehle and Poulin, 2020; Chapter 2 and 3). 
However, both studies focused on specific responses from the host rather than taking a 
multidimensional approach and investigating a suite of behavioural traits. So, given the potential 
for personality traits (e.g. activity) to correlate with one another, it is possible that these eye-
flukes influence a full suite of behavioural traits and correlations among them. 
Tylodelphys darbyi is restricted to mountain lakes on the South Island of New Zealand 
(Chapter 6) whereas G. cotidianus is found throughout the country. Population differences in 
personality are already well established for other taxa, and the broad distribution of G. cotidianus 
means that different populations have unique parasite assemblages, potentially with dif ferent 
behavioural consequences (Bell and Sih, 2007; Dingemanse et al., 2007; Kortet et al., 2015). 
Hammond-Tooke et al., (2012) investigated the effects of several trematode species on 
personality traits of bullies from a coastal lagoon, Lake Waihola, where T. darbyi does not occur. 
In the present study, I compare two G. cotidianus populations, one with T. darbyi (i.e. Lake 
Hayes) and the other where the parasite is absent (i.e. Lake Waihola; Hammond-Tooke et al., 
2012) yet both populations share the trematodes Apatemon sp., Telogaster opisthorchis, and 
Stegodexamene anguillae which encyst throughout the musculature and body cavities. I address 
the following questions: 1) does T. darbyi impact different personality traits in bullies? 2) how 
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do other parasites in the Hayes population affect host personality? and 3) are there population 
level differences in behaviour impacts with respect to infection by similar parasites? I 
hypothesize that T. darbyi, given its location in the eye, will have a greater impact on the 
different personality traits than other parasite taxa, and that the effects of infection on 
behavioural traits will vary between populations. 
5.2 Methods 
Collection, Housing, and Tagging 
 Common bullies were collected from Lakes Waihola (n = 14; size range = 38.64-46.63 
mm) and Hayes (n = 31; size range = 43.11-75.07 mm) on the South Island of New Zealand in 
Summer 2019. Hayes is a small glacial lake located in the Southern Alps in the Otago Region. 
Fish at this site were collected using minnow traps placed along the littoral zone as the rocky 
bottom combined with the benthic nature and sparseness of the bullies made seine netting 
impractical. In contrast, Waihola is a coastal, tidal lake 40km from the university and the 
topography of the lakebed and high number of bullies allowed collection via seine. All fish, 
regardless of collection site, were transported in 20L ice chests provided with aeration back to 
the university and transferred immediately to holding tanks (36L; 44cm x 27.5cm x 29.5cm). 
Bullies were held in size-matched groups, of no more than 8 fish, were provided with filtration, 
aeration, and fed ad libitum on commercial fish pellets daily. Holding tanks were filled with a 
solution of 1/3 saltwater and 2/3 freshwater to prevent fungal growth on fish, which can reach 
lethal levels in captivity without treatment. Fish were allowed 72hr acclimation to housing 
conditions (12 hr day/night light cycle; 20 ℃ water temperature) before being labelled with, 
under anaesthesia (5 min in a MS-222 solution, 1 mg/L), unique 2 mm subcutaneous elastomer 





We tested 4 personality traits, boldness, exploration, activity, and aggression, in both 
populations of common bully. Experiments took place in three sessions, with 7 days of rest in 
between each, in which personality traits were measured successively and in the same order: 
exploration/activity, boldness, and aggression. Ten test arenas (8 L; 36 cm x 16 cm x 14 cm), 
filled to a depth of 5 cm, were used for the experiments; each was equipped with a PVC tube (10 
cm x 5 cm diameter) to act as shelter and had a 4x2 grid drawn (overall: 20 cm x 15 cm; each 
cell: 5 cm x 7.5 cm)  on the bottom to assess a fish’s movement (Figure 5.1). Bullies were tested 
alone in the arenas; an opaque covering ensured they could not see fish in adjacent tanks as well 
as minimized visibility of the observer. No fish was tested in the same arena in more than one 
session and water was changed after each session. 
Fish were introduced to an arena at the end opposite the shelter and held there behind an 
opaque divider (14.7 cm x 9.5 cm) for 5 min to acclimate. Afterward the divider was gently 
Figure 5.1 Experimental setup for testing of boldness, activity, exploration, and 
aggression. Location of the mirror applies only to aggression trials. 
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removed, and the fish were filmed from above for 3 min.  The video was assessed later and the 
time a fish spent moving during the 3 min was recorded as activity, whereas exploration was 
measured as the number of times a fish moved between grid cells. Once the filming period ended 
a lid was gently placed on the arena and the fish allowed 1hr of rest before being tested for the 
next trait. To assess boldness, I measured the latency to emerge from a shelter following a 
simulated predatory attack (modified from Hammond-Tooke et al., 2012). A metal rod (154 cm 
length) with a black, plastic square (16 cm x 10 cm) attached to the end was thrust through the 
arena, in a standardized way and always by the same observer, without impacting either the fish 
or the shelter. Doing so in this manner provides both visual and tactile (i.e. due to the moving 
water) stimuli for the fish. Following the predatory strike, the bullies were observed for 3min and 
the time taken to emerge from the shelter was recorded. A bully was determined to have 
“emerged” if the entire head was visible to the observer. If a bully did not emerge by the end of 
the observation period, it was scored as taking longer than 3 min, and if they did not enter the 
shelter they received a score of 0s. Finally, after another 1 hr recovery period, aggression was 
measured as the amount of time a bully spent facing its reflection and performing darts toward or 
strikes against the mirror in a 3min period (modified from Hammond-Tooke et al., 2012). A 
mirror (16 cm x 13 cm) was placed in the arena lengthwise with the opaque side (i.e. the back) 
facing out and reflective side against the wall for 5 min to acclimate the fish to a novel object. 
Following the acclimation period, the mirror was flipped around to reveal the reflective side and 
a further 30 s was allowed for the fish to adjust to the mirror before observation began. During 




 Following the final session, fish were euthanized by overdose of MS-222 (10 mg/L) and 
both standard length (SL; mm) and total mass (TM; g) were recorded. The eyes were removed 
and examined separately for Tylodelphys darbyi intensities in left and right eyes. Following 
assessment of the eyes, I dissected the rest of the fish to record any other parasites. The 
trematodes Apatemon sp., Telogaster opisthorchis, and Stegodexamene anguillae are commonly 
found encysted as metacercariae in the muscle tissues, connective tissues of the body cavity, and 
various organs in bullies from both populations. Fish from Waihola have been found to be 
infected by adults of Coitocaecum parvum, also a trematode, inside the digestive tract. A single 
larval nematode, Eustrongylides sp., is commonly reported from both lakes in small numbers 
within the body cavity. All of these were counted in each fish used in the experiments. 
Statistical Analysis 
Statistical tests were performed, and figures generated using the program R (version 
3.6.1; R Core Development Team, 2019). Due to many fish not reacting in the aggression test or 
not emerging from the shelter during the boldness test, these data have an excess of 0 or >3 min 
(i.e. >180 s) values respectively. Previous studies have transcribed such data into a binomial 
form in order to run standard generalized mixed models (e.g. Hammond-Tooke et al., 2012); 
however, this results in a loss of variation in the data. In order to account for the excess of 
extreme values and retain the variation in the data, I standardized the data recorded for each 
behavioural trait using the formula 
(




  such that each fish received a score of 
0-10. For the timed behaviours, i.e. boldness, activity, and aggression, the maximum score was 
180 s, but for exploration I took 100 crosses between sections to be the maximum as the highest 
score recorded was 97 (see Results). Standardization allows all behavioural traits to be examined 
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on the same scale and reduces the impact of extreme values. In addition, Spearman’s rank 
correlations between the four traits, untransformed, were calculated with 95% confidence 
intervals (CI) for all fish and within each population to test for the presence of behavioural 
syndromes. 
We ran 3 sets of linear models using the standardized scores of the personality traits as 
response variables. The first set of models looked specifically at the impact of T. darbyi on the 
traits, so Waihola fish were excluded as the parasite is not present in that population. Each trait 
was used as a response variable in individual models with T. darbyi intensity and sex of the fish 
as predictors. Standard length correlated strongly with T. darbyi intensity (r2 = 0.68), and as such 
was removed to simplify the models. A second set of models aimed to address the impacts of 
parasitism in general on the personality traits within the Hayes population. So, again each trait 
was used as a separate response with intensities of T. darbyi, Apatemon sp., T. opisthorchis, S. 
anguillae, SL, and sex as predictors. The final set of models compared the impacts of the 
parasites shared between the populations, so T. darbyi was excluded from these. Predictor 
variables for these models were the two-way interactions between population and intensities of 
Apatemon sp., T. opisthorchis, S. anguillae, and SL as well as the main effect of population.  
We calculated between and within individual repeatability estimates for each personality 
trait for both populations. For between individual values, I used the rptR package (Nakagawa and 
Schielzeth, 2010) to calculate estimates for all fish as well as for each population separately. 
Within individual repeatability was calculated by taking the ratio of individual-to-population 
standard deviation (SDi/SDp) (Réale and Dingemanse, 2010; Hammond-Tooke et al., 2012). I 
then ran 3 series of linear models (LM; lm) using the standard deviation ratio for each trait as the 
response. One set of models compared the consistency of behaviours between populations, so 
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again T. darbyi was excluded and the two-way interactions between population and Apatemon 
sp., T. opisthorchis, S. anguillae, and SL as well as the main effect of population were used as 
predictors. The other two model series compared consistency within each population separately 
using each parasite species (except for T. darbyi in Waihola), SL, and sex as predictor variables.  
5.3 Results  
Table 5.1 Percent prevalence, mean intensity, and range of intensity for all parasite taxa recovered for each 
population. 








 Tylodelphys darbyi 100.0  34.9 5 99 
 Apatemon sp. 100.0 281.0 49 597 
 Telogaster opisthorchis  64.8   4.3 0 12 
 Stegodexamene anguillae  74.7   3.5 0 10 
 Eustrongylides sp.  47.3   1.3 0 2 
Waihola      
n=14      
 Apatemon sp. 100.0 170.4 105 224 
 Telogaster opisthorchis 100.0  11.4 1 21 
 Stegodexamene anguillae  71.4   5.5 0 12 
 Eustrongylides sp.   7.1   1.0 0 1 
            
 
We recovered 5 parasite taxa from the Hayes (n=31 individual fish) and Waihola (n=14) 
populations of Gobiomorphus cotidianus (Table 5.1). Tylodelphys darbyi is the only species not 
shared between the populations but was found in the humours of all fish sampled from Lake 
Hayes at relatively high intensities in some individuals. Of the shared taxa, 3 were trematodes, 
Apatemon sp., Telogaster opisthorchis, and Stegodexamene anguillae, and the other the 
nematode Eustrongylides sp. The Hayes population had higher overall intensities of Apatemon 
sp. while Waihola fish had greater infections of T. opisthorchis. Eustrongylides sp. and S. 
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The first model series (Figure 5.2; Table 5.2) shows that T. darbyi on its own 
significantly predicts boldness (t = -2.529, df = 28, P = 0.017), activity (t = 2.748, df = 28, P = 
0.010), and exploration (t = -2.130, df = 28, P = 0.042).  In the Hayes population models 
considering all parasite species (Table 5.2), T. darbyi still predicts boldness (t = -2.506, df = 24, 
P = 0.019) but no other behavioural traits (Appendix 3.1). However, Apatemon sp. intensity 
significantly predicts exploration (t = 2.270, df = 24, P = 0.032) in the Hayes population model 
(Figure 5.3; Table 5.2). Likewise, in the models comparing the two populations, Apatemon sp. 
intensity predicts activity (t = 2.270, df = 35, P = 0.29) and exploration (t = 2.445, df = 35, P = 
Figure 5.2 Scatterplots showing relationship between standardized scores for activity, exploration, boldness, 




0.020) in Hayes but not in Waihola fish (Figure 5.3; Table 5.2). All other variables did not 
significantly predict any behavioural traits in either population (Appendix 3.1). 
 
Spearman correlations found between personality traits (i.e. syndromes) for all fish as 
well as within populations are shown in Figure 5.4.  These indicate that overall the most 
exploratory fish are also more active and that both behaviours have a positive relationship with 
aggression. Likewise, the fish that emerge from the shelter sooner (i.e. bold) also tend to be more 
aggressive overall. Within the Hayes population, all the patterns remain except that more active 
Figure 5.3 Scatterplots showing relationship between standardized scores for all behavioural traits of common 
bullies, Gobiomorphus cotidianus, and Apatemon, Telogaster, and Stegodexamene intensities between populations. 




fish also emerge from the shelter sooner. However, in the Waihola fish only the relationship 
between exploration and activity remains.  
Overall, personality traits were repeatable between individuals, i.e. the 95% confidence 
interval of the repeatability estimate did not overlap zero. However, when each lake population is 
considered separately, boldness was not repeatable in Hayes whereas only activity was 
repeatable in Waihola (Figure 5.4). The individual consistency for boldness was predicted by T. 
darbyi intensity (t = 2.637, df = 24, P = 0.014) while individual consistency in activity was 
predicted by S. anguillae (t = -2.226, df = 24, P = 0.036) in the Hayes population (Figure 5.5; 
Table 5.3). Consistency of aggression in the Hayes fish was also significantly predicted by T. 
darbyi (t = 2.690, df = 24, P = 0.013) and S. anguillae (t = 2.751, df = 24, P = 0.011) intensities 
Figure 5.4 Spearman correlation coefficients between behaviours of common bullies, Gobiomorphus cotidianus 





(Figure 5.5; Table 5.3). All other parasite taxa had no impact on the within individual 
consistency of any behavioural trait (Figure 5.5; Appendix 3.2). However, larger fish in Hayes 
were more consistently active and boldness in Waihola was more repeatable in males than 
females (Appendix 3.3; Table 5.3).   
5.4 Discussion 
 Disease agents can impact animal behaviour by inducing alterations to individual 
personality traits (Bell and Sih, 2007; Dingemanse et al., 2007; Mikheev et al., 2010; Hammond-
Tooke et al., 2012; Kortet et al., 2015). Those that invade sensory organs (e.g. eyes, brain, etc.) 
Figure 5.5 Scatterplots showing relationship between the individual consistency of all behavio ural traits of common 
bullies, Gobiomorphus cotidianus, and Tylodelphys, Apatemon, Telogaster, and Stegodexamene intensities in Hayes 
(blue) and Waihola (red). Trendlines added for visualization only. Y-axes are inverted to illustrate that larger values 




have the potential to be particularly impactful due to interfering with these processes (Barber and 
Crompton, 1997a; Barber and Crompton, 1997b; Barber and Wright, 2006). I have shown that an 
eye-invading parasite, Tylodelphys darbyi, is associated with boldness, activity, and exploration 
in the fish Gobiomorphus cotidianus. As infection intensity with T. darbyi increases, the fish 
emerged from the shelter sooner after a predatory threat, as well as being more active and 
explorative. Only experimental infections could confirm the direction of causality. However, it 
seems more plausible and parsimonious to conclude that infection by a potentially vision-
impairing parasite causes changes in behaviour, rather than particular behaviours lead to higher 
infection risk, especially given the reduced response to a simulated predator. 
In addition, I see that as Apatemon sp. intensity increases so does activity level and 
exploration in the Hayes population. There were no significant relationships between behavioural 
traits and any parasites in Waihola even though Apatemon sp. is found in both lakes. However, I 
do see that behavioural correlations are different between lakes, with only exploration and 
activity positively correlating in Waihola. Likewise, only activity was repeatable between 
individuals across sessions in Waihola fish, while boldness was the only trait not individually 
consistent over time in Hayes fish. In addition, Hayes fish with the most T. darbyi in their eyes 
are had lower consistency of boldness and those with high S. anguillae infections had slightly 
more consistent activity scores. Further, both T. darbyi and S. anguillae affected the consistency 
of aggression in Hayes, but other than this behaviour being inconsistent within individuals no 
pattern was clear (Figure 4).  Our results are intriguing as previous studies on eye-infecting 
diplostomids have shown fish to be more aggressive, active, and bold, while other studies 
uncovered no impact on activity, boldness or exploration (Mikheev et al., 2010; Klemme et al., 
2016; Gopko et al., 2017). A previous study on G. cotidianus from Lake Waihola reported some 
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impacts of Telogaster and Stegodexamene, but our study found no relationships between 
parasitism and behavioural traits in the same population (Hammond-Tooke et al., 2012). 
Differential results within and among host as well as parasite species highlight the importance of 
undertaking multiple investigations with a variety of methods across new and familiar host -
parasite systems. 
  In the Hayes population, I observed a potential impact of T. darbyi and Apatemon sp. 
infection on multiple behavioural traits. Fish with higher intensities of T. darbyi emerged from 
shelter sooner, were more active, and more explorative, while Apatemon only influenced the 
latter two behaviours. Both species are trophically transmitted to the final host (i.e. bird) in their 
life cycles, therefore it is possible that these behavioural alterations aid in the parasite completing 
this step (e.g. behavioural manipulation; Poulin, 2013; Presswell and Blasco-Costa, 2020). A 
previous study showed that bullies with the most T. darbyi tended to spend more time away from 
shelter moving about in the environment, corroborating our current findings, but interestingly 
there was no impact of Apatemon infection in that earlier study (Ruehle and Poulin, 2020; 
Chapter 3). In this case, however, I have shown that both parasites could have multidimensional 
impacts on the behaviour of G. cotidianus, which could in turn have consequences for predator 
avoidance (Cézilly and Perrot-Minnot, 2005; Thomas et al., 2010; Cézilly et al., 2013). Bullies 
are benthic, using underwater structures for shelter, thus increased activity, exploration, and 
boldness might cause the fish to spend more time away from safety (Rahel and Stein, 1988; 
Ruehle and Poulin, 2020; Chapter 3). Spending more time in the open and exiting a shelter soon 
after an attack could increase their vulnerability to predation due to being more conspicuous 
compared to hidden conspecifics (Lafferty and Morris, 1996; Fredensborg and Longoria, 2012). 
In Chapter 2 I demonstrated that T. darbyi had no impact on the ability of infected bullies to 
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avoid or react to a simulated predation event, so if there is any effect of parasitism it may involve 
a suite of subtle behaviours. Parasites may also alter the repeatability, or consistency, of 
behavioural traits rather than their magnitude, which could also act as a mechanism of host 
manipulation (Coats et al., 2010; Poulin, 2013; Barber et al., 2017). In fish from Lake Hayes, the 
within individual consistency of boldness decreased with increasing T. darbyi intensity while 
activity was slightly more consistent with higher S. anguillae infections. A decrease in the 
consistency of boldness, or the time to emerge following an attack, while being consistently 
more active could facilitate bullies being eaten by the parasites’ definitive hosts. However, 
manipulation to facilitate trophic transmission was not explicitly tested here and should be 
investigated further. 
It is possible that the impacts on behaviour are a side-effect of infection rather than direct 
influence of the parasite, or even a result of innate host behaviour (Poulin et al., 1991; Wilson et 
al., 1993; Poulin, 2010). It is well known that parasites can inflict energetic demands on their 
hosts, resulting in a need to more actively forage (Toft 1991; Barber et al., 1995; Sorenson and 
Minchella, 1998; Wood et al., 2007; Barber et al., 2008). Barber et al., (1995) demonstrated that 
infected sticklebacks spend more time foraging away from the protection of a shoal than 
uninfected fish. Bullies with the most parasites could simply be compensating for greater 
energetic demands by actively exploring the environment more than other fish. Likewise, by 
reversing the chain of causality, it is possible that more active fish encounter a larger number of 
infective stages than their conspecifics, with behaviour being the cause of infection rather than a 
direct result of infection (Poulin et al., 1991; Wilson et al., 1993). The infective stages of 
trematodes, the cercariae, are released from the first intermediate host, usually a snail, into the 
water column where they then, depending on the species, actively move about in search of the 
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next host (Selbach and Poulin, 2018). Experimental infections would be needed to tease apart the 
differences between parasite-induced changes and innate behaviours of the host causing 
infection; however, despite intensive efforts to find the snail host of T. darbyi, it remains 
unknown. 
Differences in behavioural traits between populations are well documented for several 
fish species (Bell and Sih, 2007; Dingemanse et al., 2007; Kortet et al., 2015). Here I found that 
the only behavioural correlation shared between G. cotidianus populations was the exploration-
activity axis.  This was the only correlation between behaviours in the Waihola population 
whereas all possible behavioural combinations were observed present in Hayes fish. Hammond-
Tooke et al., (2012) found overall correlations between aggression-boldness and activity-
aggression in Waihola fish, therefore the lack of relationships in the present study is interesting. 
Likewise, the only trait that was not repeatable across sessions in the Hayes fish was boldness 
whereas only activity was consistent in Waihola fish, again contrary to a previous study 
(Hammond-Tooke et al., 2012). These combined findings suggest not only different behavioural 
syndromes among populations, but also over time in the same population.  
Some behavioural differences between populations have been attributed to differential 
predation and/or infection risks (Kortet et al., 2010). I know that T. darbyi is not present in Lake 
Waihola not only because it has never been seen there despite years of study on that fish 
population, but also due to the absence of its definitive host, the crested grebe Podiceps cristatus 
australis. However, it is difficult to assess differential predation threat between populations as 
most aquatic predators (e.g. trout, eels, cormorants, etc.) are shared between lakes (Jensen and 
Snoyink, 2005; Presswell and Blasco-Costa, 2019). Therefore, it is possible the lack of 
relationships among personality traits in Waihola in the present study was due to the small 
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number of fish tested from this population compared to the previous study or to the sample size 
from Hayes. Another explanation could be the differing collection methods between the lakes, as 
I used traps in Hayes and a seine net in Waihola. It has been shown that trapped fish tend to be 
bolder than those that do not enter traps (Wilson et al., 1993). Unfortunately, seine netting in 
Hayes is difficult to impossible around most of the lake margins due to depth, substrate (i.e. large 
rocks), and the local bullies not being aggregated, therefore the use of traps was necessary. 
Likewise, Lake Waihola is frequented by visitors and has a sufficient eel population that traps 
face the risk of tampering or captured fish being eaten before collection, making seining the 
viable option.   
Multidimensional assessments of parasitic impacts on host behaviour are becoming more 
common (Coats et al., 2010; Hammond-Tooke et al., 2012; Kortet et al., 2015; Klemme et al., 
2016; Gopko et al., 2017). Such undertakings are important as host-parasite interactions are 
rarely so simplistic as to result in changes to a single host behavioural axis. I have demonstrated 
that several parasite taxa, including the eye-dwelling T. darbyi, have the potential to impact at up 
to 4 different behavioural traits related to personality, in a locally ubiquitous fish species as well 
as some possible population level differences hinting as divergent behavioural syndromes. In 
order to further investigate this system, experimental infections will be an imperative once the 
snail host of T. darbyi has been identified. Nevertheless, using wild fish with natural infection 
levels is meaningful for establishing how these organisms interact naturally and identify 
infection-behaviour associations. In doing so, I have revealed population-dependent patterns 














Parasitism is one of the most common consumer strategies, having evolved independently 
across and within phyla, and its practitioners make up a large proportion of biological diversity 
worldwide (Price, 1980; de Meeûs and Renaud, 2002; Poulin, 2014; Weinstein and Kuris, 2016). 
As a result, parasites are increasingly shown to be important players in ecosystems, impacting 
aspects such as community structure and population dynamics (Anderson and May, 1978; 
Dobson and Hudson, 1986: Holmes and Bethel, 1972; Hudson et al., 2006; Lafferty et al., 2008; 
Scott and Dobson, 1989). However, despite this clear taxonomic and functional diversity, 
parasites are often overlooked, except as disease agents, outside the parasitological research 
community (Dougherty et al., 2015). This bias is not a new phenomenon, or even limited to 
parasites, with more charismatic species being disproportionally represented in ecological studies 
(Pawar, 2003; Troudet et al., 2017). The diversity and distribution of species are important 
components in understanding functioning within and among ecosystems, and as such expanding 
this knowledge base for parasites is needed (Kerr, 1997; McCann, 2000; Poulin, 2014; Violle et 
al., 2014). 
It is possible the lifecycle complexity of many parasites contributes to this disparity 
(Carlson et al., 2020). For example, trematode flatworms require multiple host species to 
complete their lifecycles and reproduce (Parker et al., 2003; Rauch et al., 2005; Benesh, 2016). 
The majority of trematodes must utilize 3 hosts, though a few species have reduced this number 
to 2 or even 1 (Poulin and Cribb, 2002; Cribb et al., 2003). A generalized 3-host lifecycle begins 
with a snail 1st intermediate host, an aquatic invertebrate or vertebrate as a 2nd intermediate host, 
and then a subsequent vertebrate as the definitive host (e.g. bird). In the 1st intermediate host, 
free-swimming cercariae stages are produced and released into the water to seek out and 
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penetrate the skin of the 2nd intermediate host. The parasites will then migrate to various host 
tissues and develop into metacercariae to wait until the 2nd intermediate host is eaten by the 
definitive host, where they mature, reproduce, and release eggs into the water with the host’s 
faeces. The use of often widely different hosts means that recognising different life stages, that 
often lack distinguishing features as larvae, as the same species or even identifying taxa can be 
difficult. For example, not only are some trematodes generalists, able to infect a variety of 
species as 2nd intermediate and definitive hosts, but there can also be intraspecific morphological 
variation among adult worms depending on which host species they infect (Perez-Ponce de Leon, 
1995; Perez-Ponce de Leon and Nadler, 2010; Hildebrand et al., 2015). Likewise, in general a 
parasite’s distribution should be determined by its most motile host (Blouin et al., 1995; Nadler, 
1995; Louhi et al., 2010). Therefore, in order to accurately establish a trematode’s geographic 
range, what species it uses as hosts need to be known, in particular those with the highest the 
highest dispersal range.  
Trematodes in the family Diplostomidae are found worldwide in freshwater ecosystems 
often infecting the intestines of fish-eating birds as adults (Blasco-Costa et al., 2014; Chibwana 
et al., 2015; Garcia-Varela et al., 2016; Blasco-Costa and Locke, 2017; Locke et al., 2018; 
Hoogendoorn et al., 2019). As a result, some species can have a broad geographic distribution 
due to their bird host’s motility, potentially allowing multiple populations of snails and fish, 
common 1st and 2nd IH respectively, to be infected (Louhi et al., 2010). When a fish serves as the 
2nd IH, metacercariae of some species occupy the central nervous system (e.g. brain) or the eyes 
where they can cause behavioural alterations or even outright mortality (Chappell et al., 1994; 
Seppälä et al., 2004; Karvonen et al 2005; Seppälä et al., 2005; Seppälä et al., 2008; Stumbo and 
Poulin, 2016; Munoz et al., 2017). Diplostomum spathaceum, for instance, has been shown to 
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induce cataract formation in rainbow trout Oncorhynchus mykiss, consequently influencing 
behaviours such as predator avoidance (Seppälä et al., 2004; Karvonen et al., 2005; Seppälä et 
al., 2005; Seppälä et al., 2008). These potential impacts make accurate identification of 
Diplostomum spp. metacercariae important for meaningful assessment of their role in fish 
populations as different species can have varying effects on the host (Larsen et al., 2005; Blasco-
Costa et al., 2014). However, species level identification from metacercariae can be problematic 
due extensive cryptic diversity (Georgieva et al., 2013; Blasco-Costa et al., 2014; Locke et al., 
2015; Selbach et al., 2015). In response to this problem, recent efforts have been made to 
elucidate taxonomic identity through genetic analysis (Blasco-Costa et al., 2014; Selbach et al., 
2015).    
 In contrast to the cosmopolitan nature of diplostomids, only a single species, Tylodelphys 
darbyi, has been identified in New Zealand to date, and only from the South Island (Blasco-
Costa et al., 2017; Presswell and Blasco-Costa, 2020). Metacercariae of T. darbyi were found in 
the eyes of common bully Gobiomorphus cotidianus, the 2nd intermediate host, from Lake Hayes 
(Stumbo and Poulin, 2016; Blasco-Costa et al., 2017). Common bullies are the most widespread, 
native freshwater fish in New Zealand, found from mountain lakes and streams to coastal 
lagoons on both North and South Islands (McDowall, 1990). The adult stage of T. darbyi was 
recovered from a single Australasian crested grebe Podiceps cristatus australis found near Lake 
Wanaka (i.e. ~55 km apart) and delivered to the Parasite Lab at Otago University by John Darby, 
a retired zoologist (Presswell and Blasco-Costa, 2020). At present, the distribution of grebes in 
New Zealand is limited to lentic systems in the mountains of the South Island, with the highest 
abundances at Lakes Hayes and Heron in the Otago and Canterbury regions respectively (Jensen 
109 
 
and Snoyink 2004). It is assumed that the first intermediate host is a snail, but the identity of the 
snail species used by T. darbyi is still not known despite intense search efforts.  
Considering the broad diversity and geographic distribution of other diplostomids, it is 
unlikely that T. darbyi is the only species in New Zealand and that it is limited to two lakes. The 
near ubiquity of G. cotidianus across freshwater habitats makes it likely that the grebe is the 
determining factor for T. darbyi distribution due to it being simultaneously the most mobile and 
geographically limited of the known hosts. Given that Lake Heron had a similar number of 
grebes as Lake Hayes in the 2004 survey, I hypothesized that it too would have high T. darbyi 
infection levels and would be a good starting point for the study. With this in mind, the main 
objectives for this study were 1) to sample lakes in the Southern Alps, beginning with Lake 
Heron and working southwest, to establish the geographic distribution of T. darbyi; and 2) to 
perform a genetic analysis on the diplostomid parasites recovered from fish eyes to assess 
variation among populations, and prospect for cryptic and/or previously undetected species. 
Interestingly, during a pilot study in 2017, I recovered, in addition to T. darbyi, two unknown 
metacercariae from the eyes of bullies taken from Lake Wanaka (Figure 6.1). These parasites 
were morphologically distinct from each other as well as T. darbyi, with one being recovered 
from the lens and the other in the humour. Superficially, it appeared possible that at least three 
Figure 6.1 Images of unknown humour metacercaria (A), Tylodelphys darbyi (B), and unknown lens 
metacercaria (C) found in the eye of a Gobiomorphus cotidianus specimen from Lake Wanaka in 2017. 
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different species of eye-flukes were infecting the same fish host in Wanaka. As such, I extended 
the first two objectives (determine the geographic distribution, and assess genetic variation) to 
the unknown metacercariae if they are recovered. 
6.2 Methods 
Collections and Parasite Recovery 
Gobiomorphus cotidianus were sampled from 10 lakes, Heron (HR), Camp (CP), Māori 
Lake (ML), Tekapo (TK), Pukaki (PK), Ohau (OH), Hawea (HW), Wanaka (WN), Hayes (HY), 
Figure 6.2 Map of South Island lakes sampled for eye-fluke infected bullies. Lakes are abbreviated as follows from 
left to right: WK = Wakatipu, HY = Hayes, WN = Wanaka, HW = Hawea, OH = Ohau, PK = Pukaki, TK = Tekapo, 
CP = Camp, HR = Heron, and ML = Māori Lakes. Those with grebes present according to Jensen & Snoyink 2004 
are highlighted in red. 
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and Wakatipu (WT), in the Southern Alps of New Zealand’s South Island over a 2-week period 
in January 2019 (Figure 6.2). These water bodies are separated into 3 geographically distinct 
areas, the Ashburton Lakes (HR, CP, and ML), the Mackenzie Basin (TK, PK, and OH), and the 
Otago Lakes (HW, WN, HY, and WT) (Figure 6.2). According to the Jensen and Snoyink (2004) 
survey, other than HY, HR had the highest number of grebes, the definitive host for Tylodelphys 
darbyi. Therefore, sampling began with HR and moved southwest through to the Mackenzie 
Basin to end with WT in the Otago Lakes, encompassing an overall straight-line distance of 
~171 km. Fish, at most 10 per lake, were collected using minnow traps placed in shallow lake 
margins overnight and then returned to field laboratory (i.e. hut, tent, or shearing shed) in aerated 
and chilled lake water, and immediately examined for eye parasites. The fish were euthanized by 
a combination of an overdose of MS-222 (10 mg/L) and spinal severance. Eyes were then 
immediately removed, and both the humours and lenses were examined under a dissecting 
microscope for parasites. All recovered parasites were preserved in 99% EtOH, separated  by 
morphotype (i.e. Tylodelphys, lens metacercaria, and humour metacercaria) and lake, for genetic 
analysis. 
PCR Amplification 
The ITS1-5.8S-ITS2 ribosomal gene cluster (ITS) and cytochrome c oxidase subunit 1 
mitochondrial gene (CO1) regions were amplified for up to 3 individuals of each morphotype per 
lake. Multiple individuals were used for extractions (Qiagen DNeasy blood and tissue kit) due to 
their small size and limited number of samples to increase the likelihood of successfully 
extracting DNA. The ITS was amplified using the primers D1 (5’-
AGGAATTCCTGGTAAGTGCAAG-3’) and D2 (5’-CGTTACTGAGGGAATCCTGG-3’) 
(Hillis and Dixon 1991), and CO1 using JB3 (5’-TTTTTTGGGCATCCTGAGGTTTAT-3’) 
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(Bowles et al., 1993) and trem.cox1.rrn1 (5’-AATCATGATGCAAAAGGTA-3’) (Kralvova-
Hromadova et al., 2008). All PCR amplifications were performed with a final volume of 25.0 μL 
in an Eppendorf Mastercycler Pro thermal cycler. Each PCR mix consisted of 1.0 μL of DNA, 
5.0 μL of 5x MyTaq Red reaction buffer, 1.0 μL of each primer, 0.1 μL of MyTaq Red DNA 
polymerase (Bioline, Bioline Pty Ltd, Alexandria, NSW, Australia), and 0.2 μL of bovine serum 
albumin (BSA, New England Biolabs). The PCR conditions for ITS amplification consisted of 
denaturation at 94 ℃ for 2 min, 30 cycles (94 ℃ for 60 s, 56 ℃ for 60 s, and 72 ℃ for 2min) of 
further denaturation, and a final extension at 72 ℃ for 5 min. For CO1, thermocycling conditions 
consisted of denaturation at 95 ℃ for 2 min, a further 40 cycles (94 ℃ for 40 s, 50 ℃ for 30 s, 
and 72 ℃ for 45 s) of denaturation, and a final extension at 72 ℃ for 5 min. Sequencing of 
amplicons was performed by Genetic Analysis Services at the University of Otago. In addition, 
prevalence (% of hosts infected), mean intensity (mean number of parasites per infected host), 
and range of infection were calculated for all parasite morphotypes across all lakes sampled .  
Genetic Analyses 
Genetic analyses were conducted in Geneious Prime 2020.1.2 as well as Mega X 10.1.8. 
Datasets were assembled using sequences downloaded from GenBank (see Table 1) for both ITS 
and CO1 amplicons. The CO1 dataset consisted of sequences recovered during the study plus 13, 
12 digeneans and the monogenean Cichlidogyrus sp. as the outgroup, chosen from nBLAST 
results. For the ITS dataset, I used 16 Diplostomum spp., 14 Tylodelphys spp., and Apatemon sp. 
‘jamiesoni’ as the outgroup in addition to study sequences. The sequences for both datasets were 
aligned using MUSCLE in Geneious Prime and then analysed using Bayesian Inferencing (BI) 
and Maximum Likelihood (ML) methods. Bayesian analyses were performed with the MrBayes 
3.2.6 plugin in Geneious Prime. The analyses consisted of 2 independent runs of 10,000,000 
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generations (sample frequency = 2,000, burn-in = 3,000) with GTR substitution and gamma rate 
variation. Maximum Likelihood analyses were conducted using the RAxML v. 8 plugin in 
Geneious Prime as well. For both ITS and CO1 datasets, ML analyses were run with the GTR-
Gamma model and bootstrapping frequency was set to 1000. Finally, genetic variation was 









Three distinct eye parasites were recovered within my sampling area (Figure 6.3; Table 
6.2). Maximum likelihood and BI consensus trees were generated for both ITS and CO1 
sequences. Amplification of the CO1 region (838 bp) was successful for the Tylodelphys from 
HW, lens metacercariae from OH (976 bp) and TK (969 bp), and for humour metacercariae from 
HW (983 bp), TK (991 bp), WN (996 bp), and WT (968 bp). The trees generated show that these 
sequences sit within the Diplostomoidea, with the Tylodelphys flukes and the undescribed 
metacercariae nested within the Tylodelphys and the Diplostomum clades respectively (Figure 
6.4). For the ITS cluster, amplification was successful for the same specimens as for the CO1 
(HW = 1,246 bp) with the addition of the Tylodelphys from HR (1,228 bp). Both Tylodelphys 
sequences from HR and HW group closely with known sequences for T. darbyi with genetic 
variation ranging from 0.5-5.8% within the species (Figure 6.5; Figure 6.6). Additionally, 
BLASTn results showed our Tylodelphys sequences to be 98-99% similar to pre-existing 
sequences for T. darbyi. The lens metacercariae (TK = 1,267 bp, OH = 1,256 bp) and humour 
metacercariae (TK = 1,252 bp, WT = 1,244 bp, WN = 1,254 bp, HW = 1,260 bp) sequences 
group within the Diplostomum clade with genetic variation from 0.2-7.4% (Figure 6.5; Figure 
6.6). Humour metacercariae from all populations as well as the lens metacercariae from OH all 
group within the D. baeri clade, and show 0.2-3.2% genetic variation (Figure 6.5; Figure 6.6). 
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Conversely, the lens metacercariae from TK is more closely associated with D. paracaudum and 
D. spathaceum with 0.1-2.7% variation among these three taxa (Figure 6.5; Figure 6.6). 
Figure 6.3 Light microscopy images of Tylodelphys darbyi metacercaria 
(A), lems metacercaria  (B), and humour metacercaria  (C) recovered from 




Figure 6.4 Phylogenetic relationships 
inferred using Bayesian Inferencing (top) 
and Maximum Likelihood (bottom) 
methods for CO1 sequences. Consensus 
support (%) values >50% are shown on 
branches. Sequences from this study are 




Figure 6.5 Phylogenetic relationship 
inferred using Bayesian Inferencing (top) 
and Maximum Likelihood (bottom) 
methods for ITS sequences of 
Diplostomum and Tylodelphys species. 
Consensus support (%) values >50% are 
shown on branches. Sequences from this 




Tylodelphys darbyi metacercariae were found in both the Ashburton and Otago Lakes but 
was absent from the Mackenzie Basin (Figure 6.7). Lens metacercariae and Humour 
metacercariae were only absent from the Ashburton lakes (Figure 6.7). Tylodelphys darbyi was 
found in HR, HY, HW, and WN with infections being highest in HY and HR (Table 6.2). Bullies 
harbouring the Lens metacercariae were found in TK, WN, and WT while the Humour 
Figure 6.6 Heatmaps of uncorrected p-distances between study sequences and Tylodelphys spp. (top), 




metacercariae was recovered from TK, OH, WN, and WT (Figure 6.7; Table 6.2). For both 
morphotypes prevalence and intensity was highest in TK (Table 6.2). The only water bodies 
without bullies harbouring eye parasites were ML, CP, and PK (Table 6.2). However, sample 
size at ML and CP was too low to draw any conclusion regarding presence or prevalence of the 




Figure 6.7 Map showing distribution of eye-fluke morphotypes recovered from Gobiomorphus cotidianus. Pie-
charts represent proportion of each morphotype among all parasite individuals recovered within each lake’s eye-




 Diplostomid trematodes are a diverse group of parasites, with some species within the 
family having broad geographic ranges (Blasco-Costa et al., 2014; Chibwana et al., 2015; 
Garcia-Varela et al., 2016; Blasco-Costa and Locke, 2017; Locke et al., 2018; Hoogendoorn et 
al., 2019). Here I have shown that diplostomids in New Zealand are potentially much more 
diverse and widely distributed than previously reported. Tylodelphys darbyi was previously 
recorded from a single population of Gobiomorphus cotidianus at Lake Hayes, however this 
survey increases that to 4 different lake populations, one of which (e.g. Lake Heron) is ~170km 
from the type-locality. Of the Otago Lakes sampled, T. darbyi was only absent from the 
Wakatipu sample, but was completely absent from the Mackenzie Basin lakes. Unfortunately, 
DNA could not be amplified from all T. darbyi specimens sampled, with successful 
amplification limited to Hawea (ITS and CO1) and Heron (ITS). The CO1 sequence confirmed 
that the metacercariae from Hawea were indeed a Tylodelphys spp., and the ITS showed that the 
new sequences are likely T. darbyi with some interpopulation genetic variation. I was able to 
find infections of the unknown lens and humour parasites in G. cotidianus from the Mackenzie 
Basin and the Otago Lakes but not from the Ashburton Lakes.  The CO1 sequences confirm that 
both morphotypes likely belong to the genus Diplostomum which would be a first for New 
Zealand. All ITS sequences from humour and lens metacercariae from Ohau sit within the D. 
baeri clade, but interestingly the lens metacercariae from Tekapo are, instead, associated with D. 
spathaceum and D. paracaudum. 
 It is not surprising that the Tylodelphys populations sampled form a single species, even 
considering geographic distance, given the definitive host is the Australasian great crested grebe. 
At present the distribution of grebes within New Zealand is limited to alpine and sub-alpine lakes 
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in the Southern Alps, but they were once widespread across both islands and are genetically 
similar to those in Australia (Sagar, 1981; Sagar and O’Donnell, 1982; Robertson and Gemmell, 
2002; Jensen and Snoyink, 2004).  New Zealand grebes show considerable local movement 
among lakes, so it is not unlikely that dispersal of both host and parasites occurs between the 
Ashburton and Otago Lakes areas (Sagar, 1981; Sagar and O’Donnell, 1982). Geographic 
connectivity on an even greater spatial scale is seen among Diplostomum pseudospathaceum 
populations in Europe as their gull hosts (Larus spp.) migrate great distances from lakes in 
Finland and back again annually (Louhi et al., 2010). Variation of prevalence among lakes, or 
even complete absence (e.g. Mackenzie Basin), could be due to the local availability of suitable 
grebe habitat. Grebes are diving birds that actively hunt underwater and that use aquatic 
vegetation for shelter and nesting (Heather and Robertson, 2005). Locations like Hayes and 
Heron are shallow (~33-36 m) with a comparatively high amount of aquatic vegetation along 
their margins (www.lawa.org.nz/explore-data/otago-region/lakes/lake-hayes/; 
www.lawa.org.nz/explore-data/canterbury-region/lakes/lake-heron/; pers. observation). On the 
other hand, disparity in parasite presence could be due to the specific locations within each lake 
chosen for sampling. I was limited by accessibility and the likely risk of tampering of traps by 
the public in my choice of sampling spots, however all had considerable structure (e.g. rocks, 
logs, or vegetation) in the margins suitable for G. cotidianus. Further, if the as yet unidentified 
snail host is not present in the lakes where the parasite is absent, the life cycle could not be 
completed; given that grebes were observed at both Tekapo and Wakatipu, local snail absence 
remains a possible explanation.    
 It appears likely that there are at least two, if not three, other diplostomid species on the 
South Island of New Zealand. Surprisingly, the sequences from lens metacercariae did not group 
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together, instead being split between the D. spathaceum and D. baeri clades. The Tekapo 
parasite groups with D. spathaceum and D. paracaudum both of which also reside in the lenses 
of their fish hosts (Karvonen et al., 2004a; Karvonen et al., 2006).  Diplostomum baeri, on the 
other hand, has been reported in the lens, humours, and retina of fish eyes, which would align 
with both a lens metacercariae and the humour metacercariae sequences grouping in this clade 
(Hoglund and Thulin 1990). Further genetic analyses, as well as morphological comparisons, 
will need to be conducted in order to properly unravel these taxonomic relationships. In addition, 
Diplostomum spp. in these clades often use gulls as their definitive hosts, so it is likely this is the 
case here too (Laskowski et al., 1996; Karvonen et al., 2006; Louhi et al., 2010). New Zealand 
supports three native gull species, black-billed or tarāpuka (Larus bulleri), red-billed or 
tarāpunga (Larus novaehollandiae), and black-backed or karoro (Larus dominicanus), that could 
potentially serve as hosts to the parasites (Heather and Robertson, 2005). Black-billed gulls are 
endemic to New Zealand and are mostly found along braided river systems on the South Island 
(Heather and Robertson, 2005). Red-billed and black-backed gulls are more widespread across 
the southern hemisphere and New Zealand, with L. novaehollandiae being mostly found along 
coastlines whereas L. dominicanus are distributed widely across both islands (Heather and 
Robertson, 2005).  Should any or all, as diplostomids can be generalists (e.g. Louhi et al., 2010), 
of these species serve as definitive hosts, the distribution of New Zealand Diplostomum spp. has 
the potential to extend beyond South Island mountain lakes. 
 Diplostomid diversity is rapidly being uncovered worldwide, so it is not surprising that 
New Zealand would follow suit. Given the potential for diplostomids to induce behavioural 
changes or mortality in their hosts, having a better understanding of what species are present and 
where they occur is important (Seppälä et al., 2004; Karvonen et al., 2005; Seppälä et al., 2005; 
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Seppälä et al., 2008; Stumbo and Poulin, 2016). Moving forward, more extensive surveys need 
to be conducted, including on New Zealand’s North Island, sampling multiple locations in the 
same lake as well as sequencing more individuals. This will account for any bias generated from 
sample location and allow for a more robust assessment of their phylogenetic relationships with 
other diplostomids.  In addition, using environmental DNA techniques could allow for the 
detection of the parasites from water samples without needing to sample the fish host. Doing so 
would also provide insight into the presence/absence of the snail and birds hosts at the water 














 This thesis addresses the behavioural and ecological impacts of the parasite Tylodelphys 
darbyi on the common bully Gobiomorphus cotidianus. I assessed the relationship between 
intensity of infection and the response of G. cotidianus to various stimuli within and between 
individuals as well as between populations. Parasitic organisms can influence not only the 
behaviour of host individuals but also population dynamics and wider ecosystem interactions. 
Those parasites that invade sense organs, such as T. darbyi in the eyes, should be particularly 
impactful on how the host interacts within its environment.  Specifically, I considered T. darbyi’s 
impact on the host’s response to predator stimuli (Chapter 2), usage of microhabitats (Chapter 3), 
ability to compete for resources (Chapter 4), and finally personality traits compared to a 
population without the parasite (Chapter 5). In addition, I wanted to elucidate the distribution and 
diversity of T. darbyi as well as other potential eye-flukes in South Island mountain lakes 
(Chapter 6).  
As is often the case with naturally infected hosts, T. darbyi was not the only parasite 
residing in the bullies I collected. The trematodes Apatemon sp., Telogaster opisthorchis, and 
Stegodexamene anguillae were found throughout the muscles, body cavity, and associated with 
various organ tissues. A single nematode species, Eustrongylides sp., was found as a larva in the 
body cavity. Apatemon sp. was by far the most abundant (i.e. 100% prevalence, >200/fish) 
species recovered and as such was considered for its impact on bully behaviour in most chapters. 
I showed that as Apatemon sp. intensity increases bullies are less likely to share territory, except 
for the largest fish, but are more likely to be dark in colouration (Chapter 4) and are more active 
and exploratory (Chapter 5). The other trematodes were comparatively rare in most cases (i.e. < 
50% prevalent, ~2-5/fish) and as such often were not considered except for Chapter 5 in which 
the only impact was of S. anguillae on the consistency of aggression and activity.  
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 Over the course of this study T. darbyi was 100% prevalent in all samples from the focal 
population (Lake Hayes) except for the Summer of 2018 (Table 2.1) when a single bully was 
uninfected. Infection intensities ranged from very low (i.e. 0-2 metacercariae) to those fish that 
had more than 50 parasites between both eyes. Metacercariae were found in the aqueous and 
vitreous humours and were seen to actively move between the two areas. In addition, 
metacercariae were large (> 1 mm) in accordance with previous reports (Stumbo and Poulin 
2016; Blasco-Costa et al., 2017). When these factors are considered in concert it is improbable 
that the parasite does not impede vision to some degree, particularly at high intensities. However, 
along with vision, fish possess well developed olfactory and mechanosensory systems that could 
help compensate for visual obstruction (Chivers and Smith 1993; Bleckmann and Zelick 2009). 
For example, in Chapter 2 it was shown that infection intensity had no impact on the ability of 
fish to avoid a simulated predator (i.e. a moving net). I proposed that the lateral line system (i.e. 
mechanosensory) would allow bullies to detect and react to a net such that even highly 
parasitized individuals could escape. The lateral line allows fish to detect pressure waves 
generated by movement in the water. While it is unknown if this is sufficient to avoid actual 
predators (e.g. eels, grebes, etc.) it could be sufficient to detect a net wielded by a human 
volunteer. Likewise, it is possible that fish were able to detect the food patch in Chapter 4 via 
olfaction and thus position themselves close to the location. This is unlikely to be the sole factor, 
however, as those fish with the most T. darbyi tended to be nearest the food patch as well as 
being less likely to share the territory/shelter except for the largest individuals (Figure 4.6). 
 As with other diplostomid trematodes, T. darbyi is trophically transmitted via a predation 
event to the definitive host in its life cycle. Stumbo and Poulin (2016) postulated that observed 
visual obstruction by the parasite could increase a bully’s susceptibility to predation by grebes. 
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Here I attempted to test this hypothesis experimentally by examining the ability of infected 
bullies to identify and avoid simulated predation events (Chapter 2). Interestingly, there was no 
apparent impact of infection intensity in either the Predator Stimulus or Predator Avoidance 
experiments. As I discuss in Chapter 2, it is possible that the lack of additional stimuli (e.g. 
movement, odours, etc.) in the stimulus experiment resulted in bullies not consistently 
responding as they would to an actual passing grebe. Likewise, as discussed previously, nets 
wielded by human volunteers are likely not adequate substitutes for actual predators. However, 
in Chapter 3, I demonstrated that fish are more likely to spend more time moving about in the 
open with higher T. darbyi intensity. Bullies utilize structure on the bottom as shelter for 
protection, rather than schooling, so movement away from this safety could increase their 
vulnerability to predation. Likewise, in Chapter 5, I showed that as T. darbyi intensity increases 
the bullies are more explorative, active, and bold, thus corroborating the findings in Chapter 3. It 
is possible that if parasite-increased trophic transmission is taking place then infection may be 
causing fish to leave shelter to make them more likely to be eaten by grebes. If this is the case, 
then it would be a non-specific manipulation that incidentally also increases predation by non-
host predators (e.g. trout, eels, etc.).  
It is possible the observed effects on bully behaviour are simply side-effects of infection 
and the resulting visual obstruction rather than a direct manipulation (Poulin 2010). I suggested 
that an increase in exploration and activity could be due, in part, to increased metabolic demands 
similar to that seen in cestode, i.e. Schistocephalus solidus, infected sticklebacks Gasterosteus 
aculeatus (Barber et al., 1995; Barber and Ruxton 1998). Infected G. aculeatus spent more time 
foraging away from the safety of a shoal than did uninfected fish to compensate for energy lost 
to the parasite (Barber and Ruxton 1998). Therefore, it is possible that bullies need to spend 
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more time actively moving about the environment away from shelter searching for food as T. 
darbyi intensity increases due to visual impairment. Further, I demonstrated that individuals with 
the most T. darbyi on average positioned themselves closer to the food patch (Chapter 4). It is 
possible that once a heavily infected fish located a shelter near a food source they stayed put to 
avoid further searching. Likewise, the largest size class of bullies (i.e. > 60 mm) were somewhat 
more likely to share a shelter when harbouring more T. darbyi in their eyes, contrary to normal 
behaviour in which they are highly territorial (McDowall 1990). 
Whether the behavioural impacts seen in relation to T. darbyi are the direct result of the 
parasite or a side-effect of infection, they will likely have consequences for the Hayes population 
of G. cotidianus.  In Chapter 5, I compared behavioural traits between G. cotidianus from Lakes 
Hayes and Waihola. There was no influence of infection on behavioural traits and only one 
correlation between traits (i.e. exploration-activity) in the Waihola sample, contrasting with 
Hayes fish in which T. darbyi and Apatemon sp. both impacted behaviours and all traits 
correlated with each other. In terms of parasites, these populations only differed regarding the 
presence of T. darbyi; taken together with the findings of Chapters 3 and 4, this could indicate 
that the parasite has population level effects on the host. Further, boldness, activity, and 
exploration (Chapter 5) may be behavioural traits that are selected for in the Hayes population to 
increase the likelihood of surviving while harbouring high infections. For instance, those 
individuals that can maintain active movement away from shelter (Chapter 3) to locate resources 
and establish a nearby territory (Chapter 4) despite parasite load could be favoured in Lake 
Hayes over those that cannot. Considering the ubiquity of T. darbyi in the Hayes bully 
population individuals able to engage in these activities would be distinctly advantageous. It is 
also possible that the populations tested in Chapter 5 show different responses to the assays due 
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to intrinsic differences in their environments. For instance, Lake Waihola should have higher 
populations of fish predators compared to Lake Hayes given the possibility that both shortfin and 
longfin eels (i.e. Anguilla australis and A. dieffenbachia) are present as well as stable 
populations of introduced trout and perch (pers. observation; McDowall, 1990). This would 
result in the two G. cotidianus populations not only varying in parasitism pressures but predators 
as well, potentially driving the evolution of differing behavioural response at the population 
level. 
Finally, in Chapter 6, I was able to not only expand the known range of T. darbyi beyond 
Lake Hayes, but also find up to three new diplostomid eye-fluke taxa on the South Island of New 
Zealand, all from the same fish host species. Finding multiple lakes with T. darbyi will allow for 
comparison of the parasite’s behavioural and ecological impacts among G. cotidianus 
populations. Doing so will test whether the impacts seen in Hayes are repeatable across different 
populations of common bullies. The recovery of new eye-fluke taxa is intriguing because it 
enables comparison of infection-related impacts among these species on their shared fish host. 
Further, the finding of multiple Diplostomum species could have implications for other fish 
species in New Zealand. Diplostomum spp. in the clades to which the New Zealand taxa belong 
are often capable of infecting multiple different fish species as their 2nd intermediate hosts (e.g. 
sticklebacks, salmonids, cyprinids, etc.) (Burrough 1978; Barber and Ruxton 1998; Karvonen et 
al., 2004a; Grobbelaar et al., 2014). So, it is possible these taxa could infect other native fish 
(e.g. other bullies, galaxiids, etc.) and even introduced game species such as brown trout Salmo 
trutta.  
I have been able to show that T. darbyi has the potential to influence the behaviour and 
ecology of G. cotidianus. While there does not appear to be an effect of the parasite on the host’s 
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predator avoidance, there is evidence to support alteration to habitat use, movement about the 
environment, and intraspecific interactions. Common bullies are an integral part of freshwater 
ecosystems in New Zealand so any factor that influences their behaviour and ecology can have 
broad ranging implications. Likewise, this body of work further brings to light the varied, yet 
underappreciated, ways in which parasites can impact behaviour within and among individuals 
and populations. Interpretation of the results should be is limited somewhat due to the lack of 
experimental infections; however, understanding how the host is affected under natural infection 
levels is nevertheless important. Common bullies in Lake Hayes, and likely elsewhere, are rarely 
if ever completely free of parasites so using natural infections remains a valid and valuable 
approach to identify parasite-mediated alterations of behaviour. Another area that needs to be 
explored is whether infection causes physiological changes to the host. For example, hormones 
related to stress (e.g. cortisol) have been demonstrated to increase in the host as a response to 
parasites (Allan et al., 2020; O’Dwyer et al., 2020). Additionally, this thesis demonstrates the 
need to tailor experiments to the host species being studied instead of purely relying on 
established methodologies. In this case bullies are very different, physically, ecologically, and 
taxonomically, from other commonly studied eye-fluke infected fish (i.e. trout or sticklebacks) 
and this should be considered when framing questions, hypotheses, and experiments.  
 
7.1 Future Directions 
Pathology  
 Behavioural impacts resulting from eye-fluke infection in other fish species arise in part 
due to pathological side-effects (e.g. cataracts) (Shariff et al 1980; Karvonen et al., 2004a; 
(Seppälä et al., 2004; Seppälä et al., 2005a; Seppälä et al., 2008). Based on histological studies, 
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Stumbo and Poulin (2016) reported no identifiable pathological impacts (e.g. retinal damage) 
associated with T. darbyi infection in the eyes of G. cotidianus. I suggest, however, that 
movement of metacercariae between the aqueous and vitreous humours could cause damage to 
the lens muscles (see Figure 1.3). These muscles move the lens towards or away from the cornea 
and act to focus images in the absence of an iris. Damage to these structures would impair the 
ability of the host to discern images which should have behavioural consequences, such as 
locating food. Likewise, damage to the muscles would likely be intensity dependent, with low 
numbers of flukes (e.g. 1-5) causing minimal damage. A method for examining this would be to 
compare histological sections of bully eyes at a range of parasite intensities, including uninfected 
individuals (e.g. from Waihola; Chapter 5). 
 In humans, changes in fluid pressure within the eye (e.g. ocular hypertension) can lead to 
diseases such as glaucoma (Friedman et al., 2004). It is reasonable to assume that as the number 
of T. darbyi increases, they would change the fluid pressure in the eye with potential adverse 
effects. Further, I have observed T. darbyi metacercariae persist within the eyes of the host for 
months in captivity, so it is possible they are obtaining nutrients from the humours. If this is the 
case, T. darbyi could reduce the fluid pressure, particularly at high intensities, in the eye by 
ingesting the humours. The fluid pressure of the eyes would need to be assessed for a range of 
infection levels, as well as in uninfected fish (from a population where the parasite is absent if 
necessary) for comparison. For humans, ophthalmologists use an ocular tonometry device (pers. 
experience) to determine intraocular pressure, so a similar method would likely work for 




 In order to definitively determine whether T. darbyi influences the behaviour of G. 
cotidianus, fish will need to be infected in the laboratory. This will require collecting and 
maintaining infected snails, the 1st intermediate host for the parasite, and using the cercariae that 
are released to infect bullies. Ideally, captive reared bullies would be used so that they are free of 
any parasites save those acquired during experiments. Using a population (e.g. Waihola) where 
T. darbyi is absent might be a more feasible approach, however, considering the difficulty of 
raising anadromous fish in captivity. Unfortunately, at this time the snail host remains unknown, 
despite efforts to identify the species, so this avenue has not been available for me. Identification 
of the snail host, and acquisition of the infective stage, should be top priority moving forward in 
order to establish causation between the parasite and host behaviour rather than simply 
correlation. 
Long-term Mesocosms 
 Ideally, one would quantify the impacts of the parasite on intraspecific interactions over a 
longer time period of several weeks or more. The competition experiment in Chapter 4 was an 
attempt at this, however the presence of multiple parasite species, absence of uninfected fish, and 
relatively short observation period (i.e. 3 days) limit the interpretation of the results. Observing 
small groups (e.g. 4-6) of bullies that have been experimentally infected (i.e. T. darbyi only), 
others harbouring natural infections (i.e. all parasites naturally acquired), and uninfected 
individuals (i.e. controls) would broaden not only the interpretability of results but also the 
questions that can be addressed. For instance, the same basic questions from Chapter 4 could be 
addressed with the addition of a second food patch that is less productive (i.e. 5 pellets vs 10) 
and body condition could be calculated after observations end. Further, environmental factors 
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could be manipulated (e.g. water temperature) to see if additional stressors exacerbate any 
impact of infection. Using experimental as well as natural infections, in separate mesocosms, 
will add additional information. Although strictly using naturally infected hosts limits us to 
correlative evidence, experimental infections do not perfectly reflect natural interactions as Lake 
Hayes bullies always, or nearly so, harbour more than one parasite taxa. Using both naturally and 
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Appendix 1.1 Relationship between the average number of captures and 
















Appendix 3.1 Full results of the three linear model series: effects of Tylodelphys only, effects of all parasites from Lake Hayes, and differences between the 























Appendix 3.2 Full results of the three linear model series testing individual consistency of behaviours: Between populations, Hayes only, and Waihola only. 















Appendix 3.3 Relationship between individual consistency of all behaviours with standard length (Left) and between sexes 





“I might compare a parasitologist to an orchid. He requires long and careful nurturing, he 
develops slowly, and he is himself a parasite in that he is dependent on many other sciences for 
material aid. But when he comes to flower he is a rare and beautiful object, scientifically 
speaking, and is usually slow in going to seed. He may not always smell like an orchid, but I 
can’t have everything.” 
 
Asa Crawford Chandler 
 21st President of the American Society for Parasitologists 
 
 
